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Preface 


This study aid is based on many years’ experience 
of lecturing on mathematical analysis at the first 
course at the physics faculty of Moscow University. It 
is intended for students as well as for teachers, especially 
young ones, who are starting their lecturing career. 

The book covers the analysis of functions of one vari- 
able, including the concepts of Lebesgue measure and 
Lebesgue integral. It is not a collection of problems in 
the ordinary sense. As can be seen from its structure, its 
aim is to help the student master the material both active- 
ly and informally. As a rule, the material in each section 
is divided into four subsections. 

Subsection I, entitled “Fundamental Concepts and 
Theorems”, presents the principal theory and formulas 
(without proof) necessary for problem solving. The de- 
finitions and theorems correspond, in most cases, to 
those given by V. A. Ilyin and E. G. Poznyak in Funda- 
mentals of Mathematical Analysis*, which is now used 
as the main analysis textbook at the physics faculty of 
Moscow University. Sometimes a definition or theorem 
is followed by examples or comments which should make 
it easier for the student to understand the new concepts. 
Wherever possible, we give a physical interpretation of 
mathematical concepts. 

Subsection II, called “Control Questions and Assign- 
ments”, contains questions on the theory of analysis 
and simple problems whose solution does not involve 
complicated computations but which illustrate the theory 
presented. The questions and assignments given in this 
subsection will help the student master the theory and 
check his knowledge of the material already covered. 
It should be remembered that it supplements the main 
textbook where all concepts and theorems are followed by 
explanations and proofs. However, to solve a problem, 


* V.A. Ilyin, E. G. Poznyak, Fundamentals of Mathematical 
Analysis, Mir Publishers, Moscow, 1982. 


it is often sufficient to understand the gist of a theorem 
or formula. Many control problems are intended to show 
the student this gist. Teachers may use the questions 
given in subsection II to check the knowledge of their 
students on a particular theme. 

Subsection III, entitled “Worked Problems”, illustrates 
the practical application of the theory. Considerable 
attention is given not only to the techniques of problem 
solving but also to various tricks and subtleties, say, the 
conditions for applicability of a theorem or formula. The 
number of worked problems varies depending on thie 
volume and importance of the material covered. Some- 
times subsection III includes an answer to a question 
posed in subsection II. 

The purpose of subsection IV, called “Problems and 
Exercises for Independent Work”, is self-evident. These 
are only a few exercises but they are diverse. The authors 
used many sources for the problems and exercises, Prob- 
lems in Mathematical Analysis under the editorship of 
B. P. Demidovich being one. Therefore many problems 
are not original although there are a number of new prob- 
lems in the book. The problems and exercises in sub- 
section IV are answered or hints are given at the end of 
the book. 

The beginning and end of a solution are marked by the 
signs A and 4A, respectively, and the sign @ is used in- 
stead of the word “hint”. 

We hope that the book will be useful to students in 
their studies of mathematical analysis. All critical re- 
marks and wishes will be accepted with gratitude. 


The authors 
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The number b is a limit of the 
function f (x) as xz tends to a from 
the right (from the left) 

The function f (z) is infinitely large 
on the right (on the left) of the 
point a 

The greatest lower bound of the 
function f (x) on the set X 

The least upper bound of the func- 
tion f (x) on the set X 

The Dirichlet function 

The integral part of the number x 
The signum function 

The infinitesimals q@ and 68 are 
equivalent as + >a 

a (x) is an infinitesimal of a higher 
order of smallness than (f) az as 
L>a 

The increment of a function at a 
point 

The derivative of the function = 
f (x) at the point zx 

The right-hand (left-hand) deriva- 
tive at the point z 

The differential of the function y (x) 
The nth derivative of the function 
f (2) 

The nth-order differential of the 
function y (z) 

A vector function 


The indefinite integral of the func- 
tion f (x) 


The definite integral of the function 
j («) over the interval [a, b] - 


The Lebesgue integral of the func- 
tion f (x) over the set 

The functions jf (xz) and g (x) are 
equivalent on the measurable set 


Chapter 1 


Real Numbers 


1.14. Comparison of Real Numbers 


I. Fundamental Concepts and Theorems 


1. Representing real numbers as nonterminating deci- 
mal fractions. Any real number a can be represented 
as a nonterminating decimal fraction 


A = Hp .QyAy..-Aneeey 


where we clioose one of the two signs “--”: plus for pos- 
itive numbers and minus for negative numbers (the plus 
sign is usually omitted). 

Rational numbers can he represented as repeating and 
irrational numbers as nonrepeating nonterminating deci- 
mal fractions. Some rational numbers can be represented 
as a terminating fraction or, what is the same, as a non- 
terminating fraction with zero in the period. Numbers of 
this kind admit of another representation, as a nonter- 
minating decimal fraction with the figure nine in the 
period. For instance, 


4/2 = 0.500...0... = 0.50, 1/2 = 0.4999..:9... = 0.49. 


When comparing real numbers, we shall use only the 
first form of notation for rational numbers of this kind 
(with zero in the period). 

2, Rule of comparison of real numbers. Let a = 
A Ay Ag. An. aNd b= -A-by.b,by...b,... be arbitrary real 
jumbers represented as nonterminating decimal fractions. 

The numbers a and 6b are equal (a = b) if they are of 
tle same sign and the equalities a, = >, (k =0, 1, 

_..) hold true. Otherwise we assume that a =< 0. 

"When comparing unequal numbers a and b, we shal] 
consider three cases: 

(1) a and 6 are nonnegative numbers. Since a < b, 
lieve is a natural number x (or n = 0) such that a, = b, 


(k =0,1,..., n —1) and a, ~b,. We assume that 
a>bifa, >b, anda<bifa, <b,; 

(2) ais a nonnegative number and b is a negative num- 
ber. We assume that a > )b; 

(3) a and b are negative numbers. We assunie that a > 0 
if ja|< |]b| and a<b if ja|{[>|b J. 

3. Some number sets. Real numbers can be given 
as points on a coordinate line*. Therefore the set of all real 
numbers is called a number line (number axis) and the 
numbers are called points, and the geometric interpreta- 
tion is often used when number sets are considered. We 
shall use the following designations and terminology: 

N is the set of all natural numbers, 

Z is the set of all integers, 

R = (—oo, +00) is the set of all real numbers (the 
number line), 

[a, b] is a closed interval or the set of all real numbers x 
which satisfy the inequalities a<a< b, 

(a, b) is an open interval or the set of all real numbers z 
which satisfy the inequalities a< x < b, 

la, b) or (a, b] is a half-open or half-closed interval 
or the set of all real numbers «x which satisfy the inequali- 
llesa@xzr<cba<czr<b respectively, 

la, 00) or (a, +00) or (—co, a] or (—co, a) is 
a half-line or the set of all real numbers z which satisfy 
the inequalities a StI< +o, a<cr<—+t+oa, —w rm 
ta, —o <zx<a respectively, 

the neighbourhood of the point c is any interval which 
contains the point c, 

the &-neighbourhood of the point c is the interval (c — &, 
c +e), where ¢ > 0. 


If. Control Questions and Assignments 


I. What is the difference between the nonterminating 
decimal fractions which represent rational and irrational 
numbers? 

2. In what case are lwo numbers equal? 

3. Do the equalities 0.419 = 0.420 = 0.42 hold true? 

4. Formulate the rule of comparison of two unequal 
numbers. 


* Recall that the coodinate line is a straight line on which 
an arbitrary reference point, called the origin, a unit of length 
and a positive direction are chosen. 
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1II. Worked Problems 


1. Prove that for any real numbers a and b (a < b) 
there is a rational number ¢ such that a<c < Db. 
A Assume, for deliniteness, that the numbers a and 0 
are positive, i.e. 
Q = Ap.Q,Q5...Az... > 0, 
b = by.bybg...b;,... => 0. 


If any one of them is a rational number, which can be 
expressed as a fraction with a period 9, then we write it 
as a fraction with O in the period. By the hypothesis, 
a< b. This means that there is a nonnegative integer n 
such that a, = b, (k = 0, 1, ..., m —1) anda, < by. 
Since the figure 9 is not a period of the number a, there 
is a natural number i > 727 such that a; ~ 9. 

Consider a rational number c = Cp .¢,Cg...c;, Where c, = 
a, (k =0, 1, ..., i—1), ¢; =a; +1. The number c 
is larger than a since c, = a, (tk = 0, 1, ..., i — 1), 
c; = a; + 1 > 4;, and smaller than b since c, = a, = Dy 
(ec =0,1,..., »—1), c, =a, <0,. Thus there is 
a rational number c such that a<xc<b. A 

2. Prove that for any real numbers a and b (a < Bb) 
there is an irrational number @ such that a<a< Db. 

A On the assumption of example 1 we consider the 
number 


O& = Co-C,Cq-..€,01001 0001...000...01 000...01... 
eee eee ee ee 
nm Zeros n+1 zeros 
This is, evidently, a nonrepeating fraction (explain why), 
i.e. w@ is an irrational number. This number is larger than 
a since c, = a (k = 0, 1, ..., i—1),¢,=a,;+1> 
a;; and smaller than b since c, = 0, (k = 0, 1, ...; 
n—1), C, =a, <.b,. Thus there is an irrational 
number a such thata<xa<b. A 


IV. Problems and Exercises for Independent Work 


1. Prove that V8 is an irrational number. 

2. Represent the fraction 31.288 as an ordinary fraction. 

3. Prove that any repeating decimal fraction which does 
not have figure 9 in the period can be obtained as a result 
of division of two natural numbers. 
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4, Prove that any repeating decimal fraction which 
has figure 9 in the period can be obtained as a result of 
division of two natural numbers. 

9. Prove that for any two real numbers a and b (a ¢ 0b) 
there are infinitely many rational and irrational numbers 
between them. 

6. Prove the transitivity of the signs “=”, “>”, i.e. 
(a) if a= 6b and b =e, then a =c, (b) if a> b and 
b>c, then a>c. 

7. Prove that the inequalities —|a|<a<|a| hold 
true for any number a. 

8. Prove that ifz<y, then —z > ~—y. 


i.2. The Least Upper and the Greatest 
Lower Bound of a Set. The Use of the 
Symbols of Mathematical Logic 


I. Fundamental Concepts and Theorems 


1. On the use of some logical symbols. Let X be a non- 
empty set of real numbers. 

Definition. The set X is bounded from above (from 
below) if there is a number M (m) such that for any number 
: has ie va br inequality x <M (x >™m) holds 
rue. e number m) istheupper (t d 
nag ane (m) Ppper (the lower) boun 

In this definition and in the formulations of many other 
definitions and theorems use is made of the words “there 
is’ and “for any”. To make the notation shorter, we shall 
use the logical symbols 3 and V instead. 

Phe symbol dis the existential quantifier and the sym- 
bol V is the universal quantifier. The fact that the number 
x belongs (does not belong) to the set X will be designated 
as rE X (x ¢ X). 

Using these symbols, we can write the definition of a set 
bounded from above as follows: the set X is bounded from 
above if 4M€R such that VzéEX the inequality 
x< M holds true, or (even shorter, omitting certain 
words), the set X is bounded from above if 


AMER Wrex: cM. (1) 
The use of quantifiers not only makes the notation short- 
er but also allows us Lo construct negations of propositions 
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(definitions, assertions) in a simple way. We shall illu- 
strate this technique by an example of the negation of 
tlie definition of a set bounded from above. In other 
words, we shall formulate the definition of a set unbounded 
from above. The unboundedness of the set X from above 
means that there is no number M such that for any rt € X 
the inequality z< M holds true. This means that for 
any number M there is x € X for which z > M. Using 
the quantifiers, we can write the definition of a set un- 
bounded from above as follows: the set X is unbounded 
from above if 


VM ERAr€X:c>M. (2) 


Comparing (1) and (2), we see that to construct the 
negation of proposition (1), we must replace the quantifier 
3 by V and the quantifier V by 4 and replace the 
inequality appearing after the colon sign by exactly the 
converse proposition. 

This rule can also be used to construct negations of 
other statements containing the quantifiers 4 and V. 

2. The least upper bound and the greatest lower bound 
of number sets _ 

Definition. The number x is the least upper bound of 


the set X bounded from above if (19 WeE X: r< 2, 
(2) Ve<xe AEX: e>2._ 

Condition (1°) means that x is one of the upper bounds 
of the set X and condition (2°) means that z is the least 


of the upper bounds of the set X, i.e. no number Z, which 


is smaller than z, is an upper bound. The least upper 
bound of the set X is designated as sup X. 

The greatest lower bound* of the set X bounded from 
below is defined by analogy and designated as inf X. 

Theorem. A nonempty set bounded from above (from be- 
low) has the least upper (the greatest lower) bound. 

If the set X is not bounded from above (from below), 
then we write sup X = +oo (inf X = —oo). 

The set X is bounded if it is bounded both from above 
and from below, i.e. 

IM, mVWx€ X:m<zrc<M. (3) 

* You may come across books on analysis where the least 
upper bound (the greatest lower bound) is simply called the upper 
(the lower) bound. 
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II. Control Questions and Assignments 


1. Use quantifiers Lo write a delinition of a sel bounded 
from below. Construct the negation of this definition 
using the rule of constructing negations. 

2. Give a definition of the least upper (the greatest 
lower) bound of a set bounded from above (from below). 

3. Formulate the theorem on the existence of the least. 
upper bound and the greatest lower bound of a number set. 

4. Prove that the least upper bound and the greatest 
lower bound are unique, i.e. that a set bounded from above 
(from below) has only one least upper bound and one 
ereatest lower bound. 

9. Show that the least upper bound and the greatest 
lower bound may or may not belong to a set. Give exam- 
ples of number sets X in which (a) sup X € X, (b) sup X ¢ 
X, (c) inf X € X, (d) inf X ¢ X. Does the number X 
have the greatest number in cases (a) and (b) and the 
least number in cases (c) and (d)? 

6. What is the meaning of the symbolic notation 
(a) sup X = +00, (b) inf X = —oo? 

7. What set is said to be bounded? 

. 8. Prove that the following definition of a bounded set 
Is equivalent to that given in subsection I: the set X is 
bounded if JA +0 Wre€ X: |x [|< A. 

9. Applying the rule of constructing negations to the 


definition given in assignment 8, formulate the definition 
of an unbounded set. 


III. Worked Problems 

1. Find the least upper bound of the interval] (O, 1). 

A. The number / is an upper bound of the interval (O, 1) 
since Vx € (0, 1): r<1. Furthermore, Vr <1 Jae 
(0, 1): a >a. Indeed, if <0, then Va € (0, 1): az. 
If — O, then, as was shown in Example 1 in 1.4, there 
is a rational number a on the interval (x, 1) such that 
gc a<i, ie. Ja €(0, 1): a>. Thus, both condi- 
tions for the definition of the least upper bound are ful- 
filled for the number 1. Consequently, sup (0, 1) = 14. 


Note that the least upper bound we have found does not 
belong to the interval (0, 1), i.e. sup (0, 1) ¢ (0, 4), 
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whereas for the interval (0, 1] we have sup (0, 1] = 1 € 
(0, 1]. A 

2. lind the least upper bound and the greatest lower 
bound of the set of all proper. rational fractions m/n 
(m, 2 €N, m <n) and show that this set does not have 
either the least or the greatest element. 

A let X be the set of all proper rational fractions m/n. 
Since Wm, 2 € Nm/n > 0, the number 0 is a lower bound 
of the set X. Furthermore, 


Wr>0 WE X:a<z. (A) 


Indeed, if z> 1, then the proper rational fraction 
a — 1/2 satisfies condition (4). If O<2< 1, then the 


number zx can be writlen as a nonterminating decimal 
fraction 


x = 0.212 q...2..., 


dn being such that zx, 0. According to the rule of 
comparison of real numbers, the rational number 


O=—> O02 enty a 6 — 1) 


salishes the inequalities 0 <“a<2z< i, i.e. is a proper 
rational fraction and satisfies condition (4). 

Thus the second condition of the definition of the great- 
est lower bound of a number set is fulfilled for the num- 
ber 0, and so inf X = 0. 

Since the set X contains only proper fractions, i.e. m << 
n, we have m/n <1. Hence the number 1 is an upper 


bound of the set X. Furthermore, Vz <1 dAm/ne€ 
X: mijn > =z. Indeed, as was shown in Example 14 in 1.4, 


there is a rational number z, such that r<2, <1. 
Since z, < 1, it follows that xz, is a proper fraction: z, = 
min (m <n), i.e. x, € X. Consequently, both conditions 
for the definition of the least upper bound of a number 
set are fulfilled for the number 1. Thus sup X = 1. 

However, inf X =0 ¢X since m/n =0 only for 
m=O, but 0 ¢N. This means that the set X does not 
have the least element. Precisely for the same reason 
sup X = 1 ¢ X since m/n = 1 only for m = n, and this 
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contradicts the requirement that the fraction should be 
proper. Hence the set X does not have the greatest cle- 
ment. A 


IV. Problems and Exercises for Independent Work 


9. Assume that X and Y he nonempty sets of real 
numbers, X is bounded from above and Y is contained 
in X. Prove that Y is also bounded from above and 
sup Y < sup X. 

10. Find the least upper bound and the greatest lower 
bound of the set of rational numbers x which satisfy the 
inequality 2? < 2. 

41. Let A be a set of numbers which are opposite in 
sign to the numbers of the set B. Prove that (a) inf A = 


—sup B, (b) sup A = —inf B. 


1.3. Arithmetic Operations Involving 
Real Numbers 


J. Fundamental Concepts 


1. Addition and multiplication of rational numbers. 


The following rules of addition and multiplication of 
rational numbers are known: 


my a mo _. MyNg+ men, my Mg _ mymMme { 
ny Ne NjNg "Ny Ng Nyy (1) 


Let us define the operations of addition and multipli- 
cation involving any real numbers. 

2. Addition of real numbers. Assume that z and y 
are arbitrary real numbers and x, and Y; are any rational 
numbers which satisfy the inequalities 


MS Wey. (2) 


The symbol (2, + y;), will mean that the numbers z, 
and y, can be added according to rule (1) of addition of 
rational numbers. Let us consider the set {(2, + y,),} 
of various sums of rational numbers x, and y, which satisfy 
condition (2). This set is bounded from above and, conse- 
quently, possesses the least upper bound. 

The sum of the real numbers z and y is sup {(2, + y4)r}- 
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3. Multiplication of real numbers. Assume that x 
and y are arbitrary positive real numbers and 2, and y, 
are any rational numbers which satisfy the inequalities 
Qaor<we, 0<y,<y. The symbol (c,y,), will mean 
that the numbers 2, and y,; can be multiplied according 
to rule (1) of multiplication of rational numbers. Let us 
consider the set {(2,y,),} of various products of this kind 
of rational numbers. The set is bounded from above and, 
consequently, possesses the least upper bound. 

The product of positive real numbers x and y is 
sup {(21¥1);}- 

The product of real numbers of any sign is defined by 
the following laws: 


(1°) 7-0 — 0-2 =0, 


|jz|-|y| if x and y are of like signs, 


2) xy = | 


—|az|-|y| if z and y are of unlike signs. 


TI. Control Questions and Assignments 


{. Formulate the rules of addition and multiplication 
of any two real numbers. Prove that the sets {(%, + y1)r} 
and {(2,y,),}, Which appear in these rules, are bounded 
from above. 

2. Prove that the rule of addition of real numbers 
possesses the following properties: (a) 7 +y=y+d2z 
(commutativity), (b) (e+ y) + 2=2-+ (y +2) (asso- 
cialivily). 

3. Prove that the rule of multiplication of real numbers 
possesses the following properties: (a) zy = yx (commu- 
talivilty), (b) (vy) s = x (yz) (associativity). 


III. Worked Problems 


1. Prove that addition of two rational numbers ac- 
cording to the rule of addition of real numbers yields the 
same result as the addition according to rule (14) for 
rational numbers. 

A Assume that 2 and y are arbitrary rational numbers, 
(c +- y), is their sum obtained with the use of the rule of 
addition of rational numbers and (x + y) is their sum 
Obtained with the use of the rule of addition of real 
numbers, i.e. x + y = sup {(z, -+ y,)-}, where x, and y, 
are any rational numbers which satisfy the inequalities 
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#, <2, y, <y. We must prove that x + y = (x -+ y),, 
Or 


sup {(% -+ ¥i)r} = (+ Y)>- 


To do that, we must show, in accordance with the de- 
finilion of the least upper bound of a set, that 


(19) VW (eyes EU (tr-b ade} (®r-b yy) pS (2+ Y) ys 
(2°) Wr< (x+y), A(t + yar €{(trtyye}: (ity)e > 2. 


Since z;< z and y, < y, it follows that (2, + y,),-< 
(x + y), (for rational numbers this property of inequali- 
ties is known). Consequently, condition 1° is fulfilled. Let 
us show that condition 2° is also fulfilled. 


Let x be an arbitrary number smaller than (x + y),. 
Between the numbers x and (x -4- y), there is a rational 
number a (see Example 1 in 1.1) such that r<a< 
(c + y);- We set 6 = (x + y), —a (the subtraction is 
carried out according to the rule of subtraction of rational 
numbers). Then a = (x + y), — 6, and since 60, 
there is a natural number n such that 2/n < 6. 


We shall consider now rational numbers See 
n 


1 ; 
and ys=y——. Since 4,<a and y,<y, it follows 
that (t+ ys) €{(% + y);}, and then (4+ Ya) = 
(t+ y);——>(z+y),—68=a since — <6. 


Thus (2) + yi)p >a >, ie. (2 7. W 
thus shown m condition 2° a faa a — 

2. Prove that Vr: x + (—z) = 0. 

A Let x, and y, be any rational numbers which satisfy 
the inequalities z,< x, yy < —zx. We must prove that 
sup {(% + Yi)r} = 9, ie. 

(1°) V(x + ¥x)7 € {(2, = Y)7}: (tz) + yi), <0, 

(2°) Vx <0 4 (2 + Y1)r € {(@ + Wr} (a + Yi), > 


~ 


x. 

Since y, < —2, it follows that —y, > 2 (it is easy to 
establish this fact using the rule of comparison of real 
numbers, see Exercise 8 in 1.1). By virtue of transitivity 
of the sign “<”, it follows from the inequalities 2, <7 
and x < —y, that z; < —y, and, hence, (x, 4- y;), < 9. 
Thus condition 1° is satisfied. 
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We shall show that condition 2° is also satished. Let 
z be an arbitrary negative number. Since —z > 0, there 


is a natural m such that 1/40°< —zx, ie. —1/10" > oz. 
Let us represent the number z as a nonterminating deci- 
mal fraction (for definiteness, we assume that x > 0): 


orm Ee DEN OL PN 


It follows from the rule of comparison of real numbers 
that 
LS yh, ST, 
1 


Yy a AQ By Ug. . XQ 4g <~—2Z. 


Thus (2, ae yir € (41 + y3)7}, and then (2, + y,)r = 
1/10" ~> 2x, i.e. we have proved that condition 2° is 
fulfilled. A 


IV. Problems and Exercises for Independent Work 


12. Prove that multiplication of two rational numbers 
according to the rule of multiplication of real numbers 
yields the same result as multiplication according to 
rule (1) of rational numbers. 

13. Prove that Va: x -+ 0 =z. 

14. Prove that Vz, y there is a unique number 2 such 
that z = y +- z (zis the difference of the numbers z and y, 
1.02222 :2 == Ye 

15. Prove that Vz: x-1 =x. 

16. Prove that Va 40 42’: xv’ = 1. 

17. Prove that Vz and Vy + U beep is a unique num- 
ber z such that z = yz (z is the quotient of the division 
of x by y, i.e. z = z/y). 

18. Prove that Vz, y, 2: (wv + y) 2 = 22 4- yz. 

19. Prove that if z>y, then V2zi27+2>y-+ 2. 

20. Prove that if z > y, then Vz > 0: xz > yz. 

21. Prove the validity of the following inequalities 
(a) |z+yl<iclt+lyl, @) le—yl>l2l—lyl, 

22. Assume that X and Y are nonempty bounded sets 
of real numbers and 7 is the set of various sums zx ++ y, 
where z € X and y € Y. Prove that the set 7 is bounded 
and that (a) sup 7 = sup X -- sup Y, (b) inf:7 — 
inf X + inf Y, 


ra | 


23, Assume that X and Y are. nonempty bounded 
sets of nonnegative real numbers and £8 is the set of 
various products zy, where x € X and y € Y. Prove that 
the set B is bounded and that (a) sup B = sup X-sup Y, 
(b) inf B = infxX-inf Y. 

24. Calculate the first three significant digits of the 
sums (a) = +V3, (b) V34+ V7. 

25. Find the first three decimal digits of the pro- 
ducts (a) + V3, (b) V3-YV7. 

26. Assume that A and #8 are nonempty sets of real 


numbers in which every number from A is smaller than 
any number from B#, and for every ¢ > 0 there are z € A 


and y€8 such that y—x<e. Prove that supA = 
inf B. 


1.4. Induction 


I. Fundamental Concepts 


To prove that a statement is true for any natural num- 
ber n beginning with n,, it is sufficient to prove that 
(a) the statement is true for n = No, 


(b) if the statement is true for some natural number 
k>n, it is also true for the next natural number 


oo 


r e 
7 This method of proof is known as mathematical induc- 
ion. 


II. Control Questions 
1. What is the gist of the method of induction? 
2, Use induction to prove that Wn €N: n< 2”-1, 
III. Worked Problems 
{. Prove that WréN and Vx > —1. the inequality 
(1 +2)" 4+ -nz (Bernoulli’s inequality) (1) 
holds true. 
A. We shall use induction to prove inequality (1). 
If nm = 1, then inequality (1) holds true since it becomes 


a true equality. We assume that relation (1) holds true 
for a natural number i and Var > —1: 


(1 + x)" S11 -4- ka, (2) 
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Since x > —1, it follows that f + 2>0. We multiply 
inequality (2) by the positive number +1 + wv: 


(1 +2) S14 + hr +r + hr’. 


Removing the nonnegative term /2* on the right-hand 
side, we obtain an inequality 


(A+) >14+ (k + 1)2. 


We have proved that inequality (1) is valid for the natural 
number & + 1 and V2 > —1. We have thus proved 
that relation (1) is valid Vz € N and Vz > —1. A 

2. Prove that for any n positive numbers y,, Yo, - ++, 
y, Which satisfy the condition 


YYo.-Yn = 14; (3) 
there holds a relation 
Vit Yo tees $Yn SN. (4) 


A It follows from condition (3) for n = 1 that y,; = 1. 
Therefore relation (4) is satisfied. 

Assume that relation (4) follows from condition (3) 
for n =k and that k +1 positive numbers y,, Yo, ..- . 
Yn» Yn41 Satisfy condition (3). We shall prove that 
relation (4) is satisfied for them. If all these numbers are 
equal to unity, then their sum is equal to k + 1 and 
relation (4) holds true. Now if there is at least one num- 
ber different from unity among the indicated numbers, 
then there is necessarily one more number which is not 
equal to unily, and if one number is larger than 41, then 
the other is smaller than 1. Without violating the gen- 
erality, we assume that y, > 1 and y,4, <1. The product 
of k numbers y;, Yo. - - +> Yr-is YrYn+1 iS equal to 1 by 
virtue of condition (3). Therefore, on inductional as- 
sumption 


Yyt Ye + ee) HF YR + YrUr+y = Kr. 
Ilence we obtain 


Yr + Yo tees Ent: + YnYrga = © + Yn + Ynat, 


Vik Yoh ee beer BR EL Yk F Ynt1 — Uae ay 
—~t=k+4+ 1 — yrs) Ur 1 Sk +4, 


2d 


i.e. relation (4) is satisfied for n = k -- 1. Thus for any 7 
positive numbers, which satisfy condition (3), relation 
(4) holds true. 


IV. Problems and Exercises for Independent Work 


Using induction, prove that VWrE€N the following 
equalities hold true: 


27.144+24+3+ ... + =0.5n (n + 1). 
28. 124294 8%-+ 0. +n2?=—2 n (n+) (2n+1). 
29. 424 2834 334 .., + n> = 0.25n? (n +- 1)?. 


Use induction to prove the validity of the following 
inequalities: 


4 3 2n—14 4 
30. ny ee ee es 
a2 4 an 1’ 2n4-4 ; 
4 1 1 = me 


32. 21> (n+-41)" (n>>3). 
33. teed Fin 5 


jT, .-. X, for 2,50, k= 
: ee 


-» m (the geometric mean of nm nonnegative num- 
bers does not exceed their arithmetic mean). 


gee eregers a 
34. FetVet on tVE ng sy V4a+1), Wa>0. 


Chapter 2 


Limit of a Sequencé 


2.1. Bounded and Unbounded Sequences. 
Limit of a Sequence 


I. Fundamental Concepts and Theorems 


If every natural number 7 is associated with a number 
Z,, then we say that a number sequence (or simply a se- 
quence) 1, Xo, Lg, - ++; Ln, ..- iS defined. It is denoted 
by the symbol {z,} or (z,). The number z, is a term 
(element) of the sequence and n is the number of the term. 
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The sequences {Up a Yns {Un a Yn}, {ZnYn}; {<n/yn} 
are the sum, the difference, the product and the quotient 
of two sequences {z,} and {y,} respectively (for the 
quotient y, =4 0). 

Definition. The sequence {z,} is said to be bounded 
if 1M >0 such that Vn: |z, |< M. 

From the point of view of geometry, this means that 
all terms of the sequence are in a certain neighbourhood 
((7-neighbourhood) of the point z = 0. 

Definition. The sequence {z,} is said to be unbounded 
if VM>0 dn: | 2, | > MM. 

Definition. The number a isa limit of the sequence {x, } 
if Ve>O3NEN such that Vn >WN: |r, —a|<e. 
The designation is lim zt, = a. 


2—> 0O 

From the point of view of geometry, this means that any 
e-neighbourhood of the point @ contains all terms of the 
sequence beginning with a certain number (dependent, in 
general, on ¢), or, what is the same, outside of any e- 
neighbourhood of the point a there is only a finite number 
of terms of the sequence. 

A sequence which has a limit is called a convergent 
sequence and a sequence which has no limit is called 
a divergent sequence. 

Theorem 1. A convergent sequence has only one limit. 

Theorem 2 (the necessary condition for convergence of a 
sequence). A convergent sequence is bounded. 


II. Control Questions and Assignments 


{. Formulate the definitions of (a) a sequence, (b) a 
bounded and unbounded sequence, (c) a limit of a se- 
quence. Give a geometric interpretation of these defini- 
tions. 

2. Find whether the definition of a limit of a sequence 
is equivalent to the following definition: lim zx, =a 

->> 


N—> 90 
if Ve >0O da positive number K (not necessarily natn- 
ral) such that Vn > K: | 2, —a|<e. 

3. Give an example showing that the number N appear- 
ing in the definition of a limit of a sequence depends, in 
general, on eg. 

4. Let the sequence {2,} and the number a satisfy 
the following condition: JN such that We +O and 
Vn > WN: |2, —a|]<e. Does every sequence con- 


2 


verging to a satisfy this condition? What is the geometric 
interpretation of this condition? 
5. Let lim xz, =a. 


n—> oo 

(a) Can all the terms of a sequence be positive (nega- 
tive) if a = 0? 

(b) Can a sequence have infinitely many negative (equal 
to zero) terms if a >0O, a ~0? 

(c) Prove that limz,4,=a, limz,4, =a. 


N—>oo 


n—>0o 
(]) Prove that {z,} is bounded. 
6. Let infinitely many terms of the sequence {2,,} lic 
in a certain neighbourhood of the point a. Does it follow 
from this condition that (a) lim z, = a, (b) none of the 


2-00 
points which lie oulside of this neighbourhood is a limit 
of the sequence {x,,} and (c) {7,} is bounded? 

7. Let infinitely many terms of the sequence {z,} 
lie in any neighbourhood of the point a. Does it follow 
that (a) lim z, =a and (b) {z,} is bounded? 


N—> 00 

8. What sequence is (a) convergent, (b) divergent? 

J. Let the sequence {z,} be bounded (unbounded). 
Does it follow from this condition that it is convergent 
(divergent)? 

10. Let a sequence be convergent. Is a sequence, which 
results from the original one, convergent if: 

(a) a finite number of terms are removed and the re- 
maining terms are enumerated anew in the order of their 
appearance? 

(b) a finite number of terms are added and all the 
terms are enumerated anew in the order of their appear- 
ance? 

(c) a finite number of terms are changed arbitrarily? 

11. Prove that a convergent sequence has only one 
limit. | 

12. Formulate the necessary condition for convergence 
of a sequence. 


IIT. Worked Problems 


{. Using the “e-V” language, show that the number 
a is not a limit of the sequence {z,} (a 4 lim 2z,) and 


¢ 


Th» 
give a geometric interpretation of this delinition. 
A In accordance with the definition of a limit of a 
sequence, @=limaz, if Ve>>O 4N such that Va>JN: 
n+0 
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lz, —a|<e. Using the rule of constructing negations, 
we find that a=« limz, if de >0O such that VV dJn> JN: 


TN 00 
|v, —a| De 
It can be written in more detail as follows: a= 
lim 2, if de>O such that 


1—> 0 
dn, 1: |an,—alae for N= 1. 
dn, >2:  |an,—al Se for N=2, 


Thus a 5 lim 2, if there are e > OU and a sequence of 


71+ 00 
numbers {zy} (V = 1, 2, 3, ...) such that ny >N 
and | tray — @ | Se. 
The geometric “interpretation of this definition is: 
a =z lim xz, if there is a e-neighbourhood of the point 


a outside of which there are infinitely many terms of 
the sequence. A 

2. Prove that the sequence zx, = 29”-1)" ig unbounded. 

A By virtue of the definition of an unbounded se- 
quence, we must show that VAJ >0, dn €N for which 
lz, | >> A. We take an arbitrary JJ > 0 and any even 
number 2 which satisfies the inequality n> log, .W. 
For such an n we have 


2 log, M ; 
Ces 2 reat. 


and this is what we wished to prove. A 
3. Using the definition of a limit of a sequence, 
ied 
prove that lim as =) 
Nt a 
A. We specify an arbilrary e >O and consider the 
modulus of the difference of the mth term of the sequence 


and the number. 5: 
5.37 7 40) 
a a (am a 


In accordance with the definition of a limit of a sequence, 
we must indicate a number V such that Vn s N the 
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inequality 
10 
Roy <e (1) 


is satisfied. To find the number N, we solve inequality (1) 
for n. We obtain 


10 
n> log, (—- +2). (2) 
It follows from inequality (2) that we can take as WV 
the integral part of the number log, (> 4- 2 | 


N= [toes (22 +2) 


Indeed, if n>WN, then 
40) 
nD| log, (+2) ]+1> log, (42 +2), 
i.c. inequality (2) holds true, and this means that 
Vn =>WN the inequality (1) also holds true. (Note that 


for ¢ > 10 we have J:: | logs (<— + 2) ] =~) and 


therefore inequality (1) is valid Wn€N. 

Thus, for an arbitrary e>>0 we have indicated the 
number N = | logs (= +. 2) | , such that VrzoN the 
inequality 


5.37 
gray ~ 5|<e 


holds true. And this means, according to the definition 
of a limit of a sequence, that 


0-3" 


4. Using the definition of a limit of a sequence, prove 


that lim a =: (), 


N—->Co n 
A. We specify an arbitrary ¢ > 0. We must indicate 
a number NM such that Vn > MN the inequality 


/Vni<e (3) 


¢8 


holds true. We shall not try to find the least number N, 
beginning with which inequality (3) holds true, but shall 
indicale a larger number “by excess” and solve a simpler 


inequality 
2/n <é. (4) 


Since Wn €N: nx! > n (n/4) (prove this), it follows that 
Vn €N the inequality 


1/V nl < 2/n (5) 


holds true and therefore inequality (3) is a consequence 
of inequality (4). Solving inequality (4) for 2, we obtain 


n > 2/e. (6) 


We set V = [2/e]. If 2» > N, then n > [2/e] + 1 > 2/e, 
i.e. inequality (6) is satisfied and, consequently, inequ- 
alities (4) and (3) are also satisfied. Thus Ve >0O JN 


(N = [2/e]) such that Wn >WN: 1/fn! <e. We have 
thus proved that lim = = 0. A 


2-+ 00 nr 

The examples we have considered show the way to 

prove that lim z, =a using the definition of a limit 
N1—> 0 

of a sequence. It is necessary to form an expression 
|x, —a| and choose (if it is expedient) a sequence 
{yn} such that, first, Vn |z, —a|<y, and, second, 
for an arbitrary e« it is easy to solve the inequality 


Yn <eE (7) 


for n. Assume that the solution of inequality (7) has the 
form 


n> f (e), 


where f (2) > 0. Then we can take [f (c)] as WV (if it turns 
out that [f (e)] = 0, then inequality (7) is valid Vn). 
Thus VWn>WN = [f(e)] there holds an _ inequality 
|z, —a|<e and this means, according to the defini- 
tion of a limit of a sequence, that lim z, =a. 


». It is known that lim z, = 0° and Ln = 0 Vn. 
Prove that lim 2% =0 for a >0. 
A By the hypothesis, lim z, = 0, i.e. Ve, > 0 AN, 
such that Vn > WAN, the inequality 
lt, |< (8) 
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holds true. We have to prove that Ve >>0 JN such 
that Wn > N: | c% |< e or, what is the same, 


[xy |< elle, (9) 


We specily an arbitrary ¢ > 0 and set ¢, = &!/¢ (e, > 0). 
For this e, JN, such that Vn > WN, inequality (8) 
holds true, i.e. | 2 | <e!/*. Thus Vn > N = N, inequality 
(9) holds true. We have thus proved that lim 7% = 0. A 


Tt co 


IV. Problems and Exercises for Independent Work 


4. Find out whether each of the following sequences is 
hounded: (a) z, = (—1)" = , (b) 2, = 2n, (c) z, — Inn, 
(d) Ly, = Sinn, (e) {z,} = 1, 0, 2, 0, 3, 0, 4, 0, 5, 0, 


, -.. . Substantiate the answer. 


2. Using the definition of a limit of a sequence, prove 
that 


. (—1)" 
(a) La aero =0, (b) eS) a =, 
(c) lim — =Q0, (d) lim log, 2=0, 


1 ‘ 
(e) lim nnd = QO, (f) lim (0.8)” = 0, 


N—> Oo 


N—> CO 
: 2° +9 -6? 7 n® sin n2 
lim aga = 5 ime sin 
(g) io, Se Ue » (A) am n-+-1 = 0. 
3. It is known that lim z,-=a. Prove that 


Ti—> OO 


(a) lim (2q4;—2,)=0, (b) lim |z,|=|al, (c) lim 23 =a. 
l— co N—> oo n—-> ao 


4. Let lim |z,| == |a|. Does it follow that lim z, =a? 
N—>0o 


N—> oo 


5. Prove that the sequence {z,,} is divergent when (a) 
In =n, (b) tT, = In7V, (Cc) ry = nD”. 

6. Assume that the sequence {7z,} is convergent and 
M = sup {z,}, m = inf {7,}. Prove that either dn such 
that xz, = M, or dk such that x, =m, or dn and k 
such that z, = M, x, = m. Give examples of sequences 
of these three | kinds. 
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2.2. Infinitely Small and 
Infinitely Large Sequences 


I. Fundamental Concepts and Theorems 

Definition. The sequence {x,} is infinitely small (infi- 
nitesitmal) if lim z, = 

71—» CO 

Definition. Zhe sequence {x,} is infinitely large ij 
VA >0O JAN such that Vn >WN: |2, | >A. 

From the point of view of geometry, this means that 
in any (infinitely large) neighbourhood of zero there are 
only a finite number of terms of the sequence and in- 
finitely many terms outside of it. 

If the sequence {z,} is infinitely large, then we write 
lim z, = oo, and if, beginning with a certain number, 


2 0O 


all terms of an infinitely large sequence are positive 
(negative), then we write lim x, = -+co (—oo). Note 
N-> CO 


that an infinitely large sequence is not convergent and 
the symbolic notation lim 2, = -+-co (—oo) only means 


2+ 00 
that the sequence {z,} is infinitely large and does not 
mean at all that it has a limit. 

Every infinitely large sequence is unbounded since 
there is a term of the sequence (even all terms beginning 
with a certain number) outside of any neighbourhood of 
zero. The converse is not true: an unbounded sequence 
may not be infinitely large. 

Theorem 3. The algebraic sum of a finite number of inji- 
nitesimal sequences is an infinitesimal sequence. 

Theorem 4. The product of an infinitesimal sequence by a 
bounded sequence is an infinitesimal sequence. 

Corollary. Zhe product of a finite number of infinitesimals 
is an infinitesimal. 

Theorem 5. If the sequence {x,} is infinitely large, then, 
beginning with a certain number n, the sequence {1/r,} 
which is infinitesimal is defined. If the sequence {z,} is 
infinitesimal and x, 0 Wn, then the sequence {1/rp} 
is infinitely large. 


IJ. Control Questions and Assignments 


14. Formulate the definitions of: (a) an infinitesimal 
sequence, (b) an infinitely large sequence. Give a geo- 
metric interpretation of these definitions. 
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2. Use the “e-N” language to formulate the negation 
of the fact that a sequence is (a) infinitesimal, (b) in- 
finitely large. Give a geometric interpretation of these 
negations. 

3. Give a definition corresponding to the symbolic 
notation lim z, = —oo. 


TL—> co 

4. Let an infinite number of terms of a sequence be (a) 
in any neighbourhood of zero, (b) outside of any neigh- 
bourhood of zero. Does it follow from condition (a) (con- 
dition (b)) that the sequence is infinitesimal? infinitely 
large? bounded? unbounded? Does it follow from con- 
dition (a) (condition (b)) that the sequence is not infini- 
tesimal? not infinitely large? 

9. It is known that the sequence {z,} is (a) infinitesim- 
al, (b) infinitely large. Does it follow (under the condition 
that z, 40 Vn) that the sequence {1/z,} is (a) infinitely 
large, (b) infinitesimal? 

6. (a) Is an infinitesimal sequence bounded? 

(b) Is an infinitely large sequence unbounded? con- 
vergent? 

(c) Is any unbounded sequence infinitely large? 


7. It is known that y, +0 Wn and: (a) lim z, = 
N—> CO 
a Yn=90, (b) limz, = lim y,=oo. Can the sequence 
ee Too - N—>0o 


{tn/Yn} be infinitely large? infinitesimal? convergent? 
divergent, but not infinitely large? Give examples. 

8. Prove that the sum of two infinitesimal sequences is 
infinitesimal. Is an analogous statement for an infinitely 
large sequence true? Substantiate the answer. 

9. Prove that if lim2,=oo, then, beginning with 


l—>os 
a certain number n, the sequence {1/z,} is defined, with 
lim (1/z,) = 0. 
Tl—> co 

10. Let {z, + y,} be an infinitesimal sequence. Does 
it follow that {z,} and {y,} are infinitesimal sequences? 
Substantiate the answer. 

11. Let {z,y,} be an infinitesimal sequence. Does it 
follow that at least one of the sequences {z,} and {y,} 
is infinitesimal? Substantiate the answer. } 

12. Prove that if z,>y, and lim y,=-+ oo, then 

N-> co 


lim 2, == + oo. 


lh-—> co 
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Iii. ; Worked Problems 


|. Use the “se-NV” language to formulate the negation 
of the fact that a sequence is inlinitely large. Give a geo- 
metric interpretation of the negation. 

A Iv accordance with the definition of an infinitely 
large sequence, lim z, = wif VA >O JAN such that 


nN cO 

Vn => WN: |2, | >A. Using the rule of constructing 
negations, we find that the sequence {z,} is not infinitely 
large if 34 >O such that VV An >WN: |2, | <A. 
From the point of view of geometry this means that there 
is a neighbourhood of zero (A neighbourhood) which 
contains infinitely many terms of the sequence. A 

2. Prove that the sequence {a”} is (a) infinitely larg 
for |a@ | > 1, (b) infinitesimal for | a |< 1. 

A Let |a|>1. We shall prove that the sequence 
fa"} satisfies the definition of an infinitely large sequence, 
i.en VA >O AN such that Vrn>WN there holds an 
inequality 

la |" >A. (4) 


We specify an arbitrary A > 0. To find the number J, 
we solve inequality (1) for n. We get 


n> logya A. (2) 


We set N = [logy,, A]. Then Vn>WN inequality (2) 
holds true, and, Renee: inequality (1) also holds true. 
Thus VA >0O AN =[log,;,; A] such that Va> WN: 
|a |" >A. And this is what we had to prove. 

(b) Let [a] <i. If a=0, then a” =O Vn and, 
consequently, {a"} is an infinitesimal sequence. Let 
a0. Then a” = ((1/a)"). Since | 1/a | > 1, the se- 
quence {(1/a)"} is infinitely large and the sequence ((1/a)”)7* 
is infinitesimal by virtue of Theorem 5. Thus the sequence 
{a"} is infinitesimal for |a|<1. g 

3. Let z, =n". Prove that the sequence {zn} 
(a) is unbounded, (b) is not infinitely large. 

A (a) We shall prove that {z,} satisfies the definition 
of an unbounded sequence. Indeed, V/A ~O the term 
of the sequence with the number n = 2 ([M] + 1) is 
equal to nm and exceeds MM, and this means, by definition, 
that {z,} is an unbounded sequence. | 

(b) We shall prove that the sequence {2z,} is not infi- 
nilely large. Indeed, the interval (—2, 2) evidently 
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includes all terms of the sequence with odd numbers and, 
hence, the interval contains infinitely many terms of the 
sequence {z,}. It follows that {z,} is not an infinitely 
large sequence. & 

4. Assume that {z,} is a convergent sequence and {y,} 
is an infinitely large sequence. Prove that the sequence 
{z, + Yn} is infinitely large. 

A. We shall prove that the sequence {z, -|- y,} satis- 
fies the definition of an infinitely large sequence, i.e. 
VA >0O AN such that Vn>WN: |2, + y, | >A. 
Since {z,} is convergent, it is bounded, i.e. S17 > 0 
such that Wn there holds an inequality 


lz, |< M. (3) 


We specify an arbitrary A > 0. Since {y,} is an infinitely 
large sequence, it follows that for the number A -+ M44N 
such that Vn >WN we have 


lyn |> A+ M. (4) 


From (3) and (4) we find that Wn > WN there holds an 
inequality 


len Yn |S l¥nl—le|>A+M—M =A, 


and this is what we had to prove. @ 


IV. Problems and Exercises for Independent Work 


7. It is known that in a neighbourhood of zero there 
are (a) a finite number of terms of a sequence, (b) an in- 
finite number of terms of a sequence. Does it follow thal 
in each of these cases the sequence is bounded? infinites- 
imal? infinitely large? 

8. It is known that the sequence {z,} is convergent 
and the sequence {y,} is infinitely large. Can the se- 
quence {z,Yyn} be (a) convergent, (b) divergent but bound- 
ed, (c) infinitely large, (d) infinitesimal? Answer the 


questions using the sequences {n}, {2— ie {-\ 
{f"" } {—} as examples. 


9. Give examples of sequences {z,} and {yy} for which 
lim z, = 0, lim y, = oo and their product {tpYn 


n—> co N—> OO 
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is (a) a convergent sequence, (b) a divergent but bounded 
sequence, (c) an infinitesimal sequence, (e) an infinitely 
large sequence. 

10. Prove that the following specified sequences are 
infinitesimal: (a) 2, =n" (k<0), (b) 2, =(—1)"-0.999", 

1 n 

(c) ve a (d) 72 = On 

11. Prove that the following specified sequences are 
infinitely large: (a) z, = n" (k >0), (b) zp = n (—1)", 
(c) x, = 2V%, (d) x, = log, (log, nm) (nm > 2). 

12. Prove that any infinitely large sequence is un- 
bounded. 

13. Prove that the sequence {(1 + (—1)”) 2} is un- 
bounded but not infinitely large. 

14. Prove that if lim 2, = -+co (—oo), then the 


TN -> CO 
sequence {z,} attains its greatest lower (least upper) 
bound. ; 
15. Find the smallest term of the sequence {7,} if 


(a) zr, = n?—9n— 100, (b) t,=n+~—., 


2.3. Properties of Convergent Sequences 


I. Fundamental Concepts and Theorems 


Theorem 6. Let limz,=a, limy, =b. Then 


1U—> OO n—- co 


(a) lim (4, + yn) =a+, 
Tl—> CO 

(b) lim (z,yp) = a0, 
n> 


(c) if b #0, then, beginning with a certain number 
a sequence {xy/yn} is defined (i.e. AN such that Wn > N: 
Yn *% 0) and lim (tp/yn) = a/b. 


T—- 0O 


If lim z, =lim y, =90, then lim (z,/y,) is an tndeter- 
n—> 0o 71 + 0O N—> co 
minate form 0/0. The indeterminate forms oo/oo, 0:00, 
co — oo are defined by analogy. It is clear that Theorem 6 
is inapplicable for these limits. 
Theorem 7. Jf lim 2, = 4 and, beginning with a certain 


number, 2, 2b (t, <b), thnaDblb (@s b). 


3* 


Theorem 8 (theorem on three sequences). // lim z,= a, 
Tl 06 
lim y, =@ and, Leginning with a certain number, 
1 CO ; F 
the inequalities X, SZ, <SYy hold true, then lim 2, = a. 


11-—> 0O 


IJ. Control Questions and Assignments 


1. Give a definition of a convergent sequence. 

2. Use the “e-N” language to give the definition of 
a divergent sequence and give a geometric interpretation 
of this definition. 

3. Formulate Theorems 6-8. 

4. Let the sequence {z,} converge and the sequence 
fy,} diverge. Prove that the sequence {z, -- y,}  di- 
verges, the sequence {cz,} converges, the sequence {cy, } 
diverges for c =& 0. Use examples to show that the se-- 
quence {z,y,} may (a) converge, (b) diverge. 

5. Let the sequence {z, + y,} be convergent. Does it 
follow that the sequences {z,} and {y,} are convergent? 

6. Let 

limz, =a. (*) 
N-—> 00 
Prove that «, can be represented in the form 
Lyn =a -- Ans (#*) 


where {a,} is an infinitesimal sequence. Prove the con- 
verse, i.e. that (*) follows from (##). 
7. Prove Theorem 6. 


8. Let lim a, =a and xz, >b Wn. Does it follow 
Tl oo 
that (a) a>b, (b) aS>b? 


IIT. Worked Problems 


14. Assume that lim y, =b+0 and the sequence 


71 -» Co 
{z,} is divergent. Prove that {z,y,} diverges. 

A We designate 7, = 2,y, and prove the divergence 
of the sequence {z,} by the method of indirect proof. 
We assume that {7,} converges. Since lim y, = b 40 

n-—-> oo 
by the hypothesis, it follows, according to Theorem 6, 
that the sequence {2,/y,} = {2,} is defined beginning 
with a certain number and is convergent. But this con- 
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tradicts the hypothesis. Consequently, {z,} is diver- 
sent. A 

2. Prove that the sequence {sin 2} is divergent. 
_4& We shall use the method of indirect proof. Let 
im sin =a. Then lim sin (rn + 2) =a, whence 


Mw a m—- oo 
lim (sin (n + 2) — sin 7) == 0. (1) 
1 OO 
Since sin (xn + 2) —sinn = 2 sin 1 cos (xn + 1), we can 
take relation (1) into account and obtain 


lim cos (7 + 1) = 0. (2) 


Mw co 


From the relation cos (rn + 1) = cos xzcos 1 — sin nsin 1 
(cos n cos 1 — cos (n -} 1)). 


we find thal sinn = 


sin 1 
From this it follows, by virtue of (2), that lim sin n = O. 
Na-> OO 
Thus we get lim cosn = lim sinn = 0, and this con- 


1L1-> 00 1-00 j 
tradicts the equality cos* n + sin? 2 = 1. Consequently, 
fsin 2} diverges. A ~ _ 

3. Find the following limits: 
10 : n=—n ; 5.3 
im —77 b) lim —m——, (c) lim =-——~. 
(a) en n?-+ 4 ( n—oco ll— ln (c) Noo 3” —32 
A Note that each of these limits is an indeterminate 
form of type co/co. We have 
lim suas lim 10 
(a) aes n2-1 aes nt 


= 0) 


4\.; ee 
ace {n+} is an infinitely large sequence, 


n?—n (n— \/n) (n+ \/n) 
mn) =) in ee 
(D) ste n—Vn N00 n—Vn 
=lim(n+YVn)= +, 
Tt—> co 
5-3” . 5) 
ees BG 
(c) inh FT ne 
n-* _ on 
5 . =}. ~A 


4. Find the limit lim(Vn?-+-n—n). 


T—> OO 


A Note that this limit is an indeterminate fori ol 
type co—oo. We have 
lim n+ n—n) = lin ———— 
Tl—> 00 (Vv + N—> oo Vrn2tn+n 


1 1 


— lim — = = ——_—_= 2. A 


are V 14441 lim (q/ 1+) 41 


9. Calculate lim Ve cosn ; 
> oO n-+1 


A The sequence {cos} is bounded and the sequence 
Vn is i : : ; 
—,; 1s infinitesimal since 


n--4 
a li 
lim "= jim V2. te Vn 
1l—> © n-+-4 m—> 1 a 1 = 0. 
° 14+— lim (1+-—] 
a N->0co n 


From this, according to Theorem 4, it follows that the 
product of these sequences is an infinitesimal sequence, 
_ Vnecosn 
le. lim ————— — 

no “m+ 0. A 


6. Find the limit se ee 


N—> co n 
A We designate S, = 14 94 34 - ; 
shall seek S, in the form rah + BF. . tk Ws 


S, =An> + Bnt + Cn3 + Dn? + En + F, 
and then 
Sn41 — Sp =A [(n + 1)? — vn] + B[(n + 1)4 — nt] 
+ Cl(n + 1)® — n3].4+- D [(n + 1)? ~ n?] 
+ BE l[(n 4-1) — nl. 
From this we have the following relation for any natural n: 
(x +- 1)* = 5An* + (10A 4- 4B) n° 
+ (10A + 6B + 3C) n? + (5A + 4B + 38C + 2D) n 
+A+B+C+D+E. 
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Fiquating the coefficients in the same power of 7 on the 
left-hand and right-hand sides of the relation, we obtain 


5A es, 
10A + 4B — 4, 
10A + 6B + 3C — 6, 
5A + 4B + 3C + 2D =e 


A+ B+ C+ D+E= 1. 
Hence A=1/5, B=1/2, C=1/3, D=0, HE= —1/30. 
Thus, for any m, we have S, =e n+ nif n3 — 


{ _ 4 { { 
a7 + F. Setting n=1, we get een a Se 


a +F, whence f&=Q. Consequently, 


cok w = 6n5 -+- 15n44-10n3 —n 
S,= 144 24-4 oft cee a . 


Thus we have 
444244344... +n4 


lim 
7-—> co n® 
; 14. 1 4 4 4 
= lim (= +3-+ 3n2—30n4 Jaz - 


TL—> CO 


IV. Problems and Exercises for Independent Work 


16. (a) It is known that the sequence {z,} is convergent 
and {y,} is divergent. Can the sequence {z,y,} be con- 
vergent? divergent? 

(b) The sequences {z,} and {y,} are known to be diver- 
gent. Can the sequences {z, + y,} and {z,y,} be con- 
vergent? divergent? 


Answer the questions using the sequences {ars \ ; 
(—1)"), {4}, (2), (- 2}, (1) as examples. 
4 t (—4)" 
17. Given the sequences {=}. { 5 \ , {=} ; 


nr 


(war): choose from these infinitesimal sequences 
such that (a) lim (a)/y,)=0, (b) lim (x,/y,) =1, 
T1—> oo Tl—> 0O 


(c) lim (%p/y») = 00, (d) {x,/y,} diverges but is bounded. 
l—><oo 
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48. Given limz,=b=00, limy,=oo. Prove that 


T—> 0O 


(a) lim (ty + Yn) = 
N—> co 


(c) lim (yn/2_) = c 


b=£0 


19. Prove that lim (z,/y,) = 


n 


M—> CO 


71—> CO 


CO, (b) lim (z,/y,) =0, 
(t, £0), (d) lim (t,y,)=00 if 


if limz, =v), 


T-—> Oo 


20. Test the following sequences for convergence 
(depending on a, B, ¥): 


_ n@+4 
(a) 2, = P43 


,  (b) 2,=n? _VR+1—n | 


Vn+ti-—Yn 


21. Find the following limits: 
(a) lim y n? sin (n!) 


n+2 


—2)h4.3n 
ie eT 


22. Let 


h=1 


aT 


» (b) lim (Vn+-1—Yn), 


Calculate limz,. We 


71—> oo 


nth 


evaluate z, from above and from below: 


nr 


> 1 


WU 


z { ' 
2 er <2 ye <2 van! 


Thus we have 


Since 


lim 


> OO 


we have lim z, = 1 in 


N—> 0o 


Vpn =a 


I 


nt tn + 7 


three sequences. 
On the other hand, 


pression for z,, 


40 


is equal to 


k=] 


— to 1, 


== li 
Cee area a 7 or ta 


accordance with the theorem on 


the arbitrary term in the ex- 


peer (ie 4, ws og bypeeys 
22 


Since lim =0, it follows that 


n—>0o Vnttk 
1 1 f 
] ——— a —— see = = 

nao ( V n?+14 v Vn? +2 as 1 \/n2--n 
1 ; 1 

ieee V/n2+1 nee \n2+-2 

oe 9st im 004 =: 


TN —> 00 \/n2-En 
We have thus found that 1 = 0. Find the error in the 


reasoning. Which of the two results is true and which 


is not, and why? 
23. Calculate the following limits: 


eed 
— 


(a) lim (Get ge te +a) 

(b) lim (e-bay t+. +S), 

(¢) lim (qg-+aig ++ +-aatay) - 

(cd) lim (33 togrt+- +a): 


2.4. Remarkable Examples 


IJ. Fundamental Concepts and Theorems 


We say that the infinitely large sequence {z,} las a 
higher order of growth than the infinitely large sequence 
{y,} if {z,/y,} is an infinitely large sequence, and in this 
case we shall use the designation y, < z,. This section 
is devoted to calculations of some limits which are used 
lo compare the orders of growth of different infinitely 
large sequences. These limits can be found with the use 
of Theorem 8 on three sequences and_ the binomial 


theorem: 
(a +b)” =a" 4- ( 1) abt... + ( ) ahh 4p” 
a . n n—-RDR 
3 (2) 


Ai 


where 


n\ n! _ n(n—1) «es (n—k-+1) = 
(i) kl!(n—k)! el , O=1. 
This formula yields an inequality 
(a+ b)"> aia q"~252, (1) 


which is valid fgr positive @ and 6 and for any natural 
number 7. 

The examples and problems considered in this section 
lead to the following results: 


logajn<n*<a"<n! for a>0, jal >1. (2) 


(The relation log ~<n% is valid for «>0, but 
in Exercises 24 and 25 you have to prove it only for 
a > 1.) 


II. Control Questions and Assignments 


{. Formulate the theorem on three sequences. 

2. Write the first four terms of the binomial formula 
for the expansion of (1 + a)”. 

3. Given infinitely large sequences {n!}, {logy 7}, 
{Vn}, {4"}, {n5}, with the aid of relation (2) find for 


every two sequences which of them has a higher order 
of growth. 


III. Worked Problems 


1. Prove that a n = =0 for «@>0, |a| >1. 


A It follows aes the ares of a limit of 4a 


sequence that if lim |u,|=0, then limu, =O as well. 
T—> OO 1—> oo 
It is therefore sufficient to prove that limw, —0, where 
1—> 00 
n 


-_. We represent w,, as 


oo game) 


and consider a sequence 2, = ae = . We shall prove 


that limz, =0. Then it will Follow from the result 


71—> 0O 
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of Example 5 in 2.4 that limw,=0. Since arg, 


|a|]> 1, it follows that 4B +0 such that | a@ |!/e 
1 +- 8. Applying inequality (1) to the binomial (1 + B)”, 
we get 


(ja]!%)" == (14+ By" > R=) pe Wn 2. 


It follows that 


n — 
tn = ne “BF (n— 1) Vn>2. 
We scl 2,=—0 Wn and Yn = Gea Wn? The se- 


quences {2,}, {Zn}, {Yn} satisly the conditions of the theorem 
on three sequences since x, <2, Ky, and lim z, = Q, 


71> oo 
lim y, = 0. Consequently, lim z, =90, and this is 
@—>co 11-00 
what we wished to prove. 
We can thus write 


ne <a" for a>vU, |ael>la 


2. Prove that lim-+-=0 for |a| >1. 


: a|™ 
A Let us consider a sequence 2, = a and prove 


that lim z,=0. Assume that & is a natural number 
7.—> 0O 

such that k > |a| and that n> 2k. We represent z, 

as a product of n factors 


ja["™ —s fa] fa |a| [a| |a| 
nt -—s 4 Q2 °** Qk 2k+1 °°" on 


Since k>J|a|, the fraction mf and all fractions follow 


ing it are not larger than 1/2. Therefore we obtain an 
estimate 


|a|” = 1 
cc ane <|al*! (+) 


n—-2k+1 


= (2 Jal) (+). 


Since z, >0 and lim (2 |a|)?*"! (=)"=0, according to 


the theorem on three sequences we have limz,=0. 
N—> CO 
nr 
From this it follows that lim “~ = 0, i.e. the se- 


| 
No Mls 
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quence {n!} has a higher order of growth than the se- 
quence {a"} for ja] >1. Thus a*<n! for ja] >1. A 
3. Prove that lim /n=1. 


A For n > 2 the number V7 is larger than 1. There- 
fore Vn >2 58, >O0 such that e 


It follows from relation (3) that n = (1 + #,)”. Applying 
inequality (1) to the right-hand side of the Jast relation, 
we obtain 


n=(1+,)"s>22—4 pe. 


From this we find that B,.<V 2 Vns>2. Accord- 


n—t 
ing to the theorem on three sequences, it follows from 


) 
the inequalities 0<pB,.<Y — 4 and the relation 


lim V/ —=0 that JimB,=0. We now find from 


1—> oo 1L—> 00 


relation (3) that lim’/n=1. A 


nN oo 


IV. Problems and Exercises for Independent Work 


24. Using the definition of a limit of a sequence and 


the result of Example 3, prove that lim Aa" ..0 
n—> 0o 


for a> 1. 
25. Prove that lim Ea : 


1L—> 00 i 


26. Prove that the following specified sequences are 


--( for a>1, a>1. 


n 
infinitesimal: (4) 2n=—9r > (b) m=, (©) m= 
V5—1. 
97, Using the result of Example 2, prove that 


: 1 
lim ——— = 0. 
nN-—>0o VY n| 
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2.5. Monotonic Sequences 


I. Fundamental Concepts and Theorems 


The sequence {z,} is nonincreasing (nondecreasing) 
if Un41 < Ln (Un 41 z= Ln) Vn. : . 

Nonincreasing and nondecreasing sequences are known 
as monotonic sequences. 

The sequence {x,} is increasing (decreasing) if t_4, > 
Th (Un + < Tn) Vn. 

Increasing and decreasing sequences are also called 
strictly monotonic sequences. 

Note that a monotonic sequence is always bounded at 
least from one side, a nonincreasing sequence is bounded 
from above and a nondecreasing sequence is bounded 
from below, by its first term. If a monotonic sequence 
is also bounded from the other side, then it converges, 


i.e. the following theorem holds true. 
Theorem 9. A monolonic bounded sequence converges. 


II. Control Questions and Assignments 


1. Formulate (a) the definition of a monotonic sequence, 
(b) the test for convergence of a monotonic sequence. 

2. Is the boundedness of a sequence the necessary and 
sufficient condition of convergence of (a) a monotonic 
sequence, (b) an arbitrary sequence? 


III. Worked Problems 


Find the limit of the sequence {z,} which is defined 
by the recurrent relation: 
Tn4+1 = In (2—Fn) Vn Sl, (1) 


where 2, is an arbitrary number satisfying the inequalities 
(Vea = 1. 

A We shall first prove that the sequence {7,} is bound- 
ed, namely, we shall prove by induction that Vz there 
hold inequalities 

Oe go -er, (2) 


For x, inequalities (2) are satisfied by the hypothesis. 
Assume that inequalities (2) are valid for the number n. 
We shall prove that then they are also valid for the num- 
per n + 1. We write formula (1) in the form 


2 


Una, = aan (1 — Z) : 
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{t follows from inequalities (2) that 0 < (1 = Tp)" <i, 
and therefore 0 << 2,4, <1. We have thus proved in- 
equalities (2) Vn. 

We shall now prove that the sequence {2,,} is increasing. 
since z, <1, it follows that 2 —2z, +1. Dividing 
relation (1) by z,, we get 

Pedal Ba SD aay Se; 
It follows that 2,4; >>27, Wn. Thus the sequence {77} 


is monotonic and hounded. Consequently, according to 
Theorem 9, there is a limit lim z, which will be de- 


n—-> oO 
signated as a. To find a, we pass to the limit in the recur- 
rent formula (1). We get 
lim 2y4,= lim z,-lim (2—2z,), or a=a(2—a). 


N—->oo T—> 00 Tl—> oa 


Hence a = 0 or a = 1. Since x, >0O and the sequence 
{z,} is increasing, we havea=1. A 


IV. Problems and Exercises for Independent Work 


28. Prove the convergence of the sequence {2,}, where 
nr 
4 
I, = a a: 

29. Prove the convergence and calculate the limit of 
the sequence {z,} if 7,=YVa, r,=Va+YVa, vee Uy = 
Gi Vite VE (the total number of roots is 
n), ..., Where a>0O. 

30. Prove the convergence and calculate the limit of 
the sequence {z,} if it is defined by the recurrent relation 

(a) In = (Zp-1 =F Ly ~2)/2 Vn = 3, ty = 4, Lg = b, 
qa = b, 

1 a 
b) tn (2p ai +) Vni=1, a>0, 
In 
where x, is an arbitrary positive number, 
4 a i 

(C) Tuy (2, sas =} Vn>1, a>0, 
where z, is an arbitrary negative number. 

31. Prove that an unbounded monotonic sequence is 
infinitely large. 

: a ; 1 \n 

32. Prove the existence of the limit lim (1 - —} 


T—> OO 
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2.6. Limit Points 
I. Fundamental Concepts and Theorems 


Let {z,} be a number sequence. We shall consider an 
arbitrary increasing sequence of positive integers /,, 
Pia, te Mee adh Wnige ea Note that k, Sn. From {z,} we 
choose terms with the numbers /y, Mtg, ..., Kn,» .--? 


Thi ZRos eo eg UR? eee 


The number sequence {z,_} obtained is a subsequence of 


the sequence {z,}. 
Theorem 10. Jf lim 2, =a, then any sequence {z,} 


N—> 00 
converges to a as nN — oo. 

Theorem 11 (Bolzano- Weierstrass theorem). Any bound- 
ed sequence always contains a convergent subsequence. 

Definition 1. The number ais a limit point of the sequence 
{x,} if the sequence {x,} contains a subsequence {Zn} con- 
verging to a. 

We can give another, equivalent, definition of a limit 
point. 

Definition 2. The number a is a limit point of the sequence 
{tn} if in any e-neighbourhood of the point a there are in- 
jinitely many terms of the sequence {xp}. 

Remark 1. It follows from Theorem 10 that a convergent 
sequence has only one limit point which coincides with 
its limit. 

Remark 2. It follows from Theorem 141 that every bound- 
ed sequence has at least one limit point. 

The largest (smallest) limit point of the sequence {2} 
bounded from above (from below), is the limit superior 
(limit inferior) of the sequence and is designated as 
lim zx, (lim: z,). 

N00 Ree 


It is evident that if {7,} is convergent, then lim z, = 


N+ CO 
lim z,= limz,. If the sequence {z,} is not bounded 
N00 Taher 


from above (from below), then we set lima, = + 00 
l—+ 0O 
(lim Th rn — oo). 


y ( eee 6) 
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II. Control Questions and Assignments 


1. Formulate the definition of (a) a sequence, (b) a limil 
point (give two definitions and prove their equivalence), 
(c) the upper (lower) limit of a sequence. 

2. Give a geometric interpretation of the definition of 
a limit point. 

3. Is the limit of a sequence its limiting point? Sub- 
stanliate the answer. 

4, Given the sequences {rn (—1)”" -+ 1}, {nm}, {(—1)” -+ 
1}, indicate the sequence which (a) has a limit point, 
(b) does not have a limit point, (c) has two limit points, 
(d) has only one limit point. Are there convergent se- 
quences among them? 

Do. Prove that a convergent sequence has only one limit. 
point and that point coincides with its limit. Find whether 
the converse statement is true: “If a sequence has a single 
limit point, then it is convergent”. 

6. Given a sequence {z,} and it is known that any 
neighbourhood of the point a contains infinitely many 
terms of the sequence and none of the intervals to which 
the point @ does not belong, does not contain infinitely 


many terms of the sequence. Does it follow that 
lim +, =a? 


L>D 


7. Let lim x, = 4. Can the sequence {t,} be (a) con- 


1-30 
vergent (if it can, then what is its limit?), (b) divergent? 
8. Formulate the Bolzano-Weierstrass theorem. 
9. Find whether the following statement is true: “If a 


sequence is unbounded, then a convergent sequence can be 
isolated from it”. 


III. Worked Problems 


[. Prove the divergence of the sequence 2, = (—1)". 
A Consider two subsequences of this sequence: x,, — 1 


and = Xo,-7 = —1 (k = 1, 2, ...). It is evident thal 
lim 2, = 1, lim z,,_, = —1. 
h—>0oo hoo 


Thus the sequence {(—1)"} has two limit points, 1 and 
—1, and therefore cannot be convergent since a convergent 
sequence. has only one limit point. A 

2. Find (a) all limit points of the sequence {sin 7°}, 
(b) the upper and the lower limit of this sequence. 
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A, (a) Each of the numbers 0, ++sin 1°, sin 2°, ..., 
+sin 89°, +1 appears in the sequence infinitely many 
Limes since sin r° = sin (360°%p -}- n°) Van, p EN. There- 
fore each of the indicated numbers is a limit point of the 
sequence {sin 7°}. The sequence has no other limit points 
since if the number a does not coincide with any one of 
these 181 numbers, then there is a neighbourhood of the 
point a which does not contain any terms of the sequence. 

(b) From the 181 limit points indicated in (a) the point 
—1 is the least and the point 1 is the greatest, i.e. 
lim sin n° = 4, limsin n° = —1. A . 


ea nN—>0o 

3. Find (a) all limit points of the sequence 0, 1, 1/2, 
1/3, 2/3, 1/4, 3/4, 1/5, 2/5, 3/5, 4/5, 1/6, ..., (b) the 
upper and the lower limit of this sequence. 

A (a) The sequence {2,} is the set of all rational num- 
bers belonging to the interval [0, 1] which appear in the 
indicated order. Since any e-neighbourhood of any real 
number of the interval [0, 1] contains infinitely many 
rational numbers (see Exercise 0 in 1.1), every point of this 
interval is a limit point of the given sequence. Now if the 
point a ¢[0, 41], then it is not a limit point of the given 
sequence since there is a neighbourhood of such a point, 
which does not contain any term of the sequence. 

(b) It is evident that limz, =0, limz, =1. A 


nm» 00 Tl +00 


4. Prove that the infinitely large sequence {z,} does 


not have a limit point. . . 
A. We use an indirect proof. Assume that a point a is 


a limit point of the sequence {z,}. Then there is a sub- 
sequence {tr} such that lim z,, = @. On the other 
nm-+>oo 

hand, {z,,} has no limit since it is infinitely large. 
Indeed, since {z,} is infinitely large, it follows that 
VA>0 AN: Vn >N|x,|>A. Since k, 2n and 
kina ~>Khn, it follows that Vk, => WN: |p, | > A, 
i.e. {tr} is infinitely large. The contradiction obtained 
proves that {z,} does not have a limit point. A 


IV. Problems and Exercises for Independent Work 


33. Prove that 
(a) an infinitely large subsequence can be isolated from 
any unbounded sequence, 
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(b) any subsequence of an infinitely large sequence is 
infinitely large, 

(c) a monotonic unbounded sequence does not have a 
Jimitl point, 

(dl) every bounded sequence has an upper and a lower 
imit. 

34. Given that the sequences {x,} and {y,} have a li- 
mit point each, give examples showing that the sequences 
{fe, + yn} and {z,-yn} may (a) have no limit points, 
(b) have one limit point each, (c) have two limit points 
each. 

35. Find all limit points of the sequence {z,}, also 
find limz, and limz, if 


N+ co N+ 0o 


(a) r,=(—1)"" (2 +=) ’ (b) x,=41+ I cos ? 
(c) yea Oe a (res is Oe oD aca 


(d) 2, = — cos S28 
(e) r=1+nsin-=, (f) zy | 


(8) t= (4 7 az) (1) +sin ~~ 


nf ont—1) 
(h) n= | sin? + — , (i) r= V 14.9% 1 


(j) t= cos" 22, (k) a, =(—1)" vn. 


36. Test the sequence 
ee 2 3 Pree | 
aaa mais aes eee +(— 1)" sa 
for convergence. 


2.7. Fundamental Sequences. 
Cauchy Condition for Convergence 
of a Sequence 


I. Fundamental Concepts and Theorems 


Definition 1. The sequence {x,} is fundamental if Ve> 
Q AN such that Yn>WN and V natural number p the 
inequality |, —2n+p |< holds true. 

This definition is equivalent to the following one. 
Definition 2. The sequence {z,} is fundamental if 
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Ves04N such that Vics N and Vm +N the ine: 
quality | 2, —Um |< & holds true. 

The geometric interpretation of these delinitions is as 
follows: if the sequence {z,} is fundamental, then Ve > 
0 AN suchj that the distance between any Lwo terms of the 
sequence with numbers larger than NV is smaller than e. 

Theorem 12 (Cauchy condition for convergence of a se- 
quence). For a sequence to be convergent, it is necessary and 
sufficient for it to be fundamental. 


II. Control Questions and Assignments 


1. Formulate the definition of 

(a) a fundamental sequence (give two definitions and 
prove their equivalence), 

(b) a nonfundamental sequence (using the rule of con- 
structing negations). 

Give a geometric interpretation of these definitions. 

2. Formulate Cauchy condition for convergence of a 
sequence. 

IlI. Worked Problems 


1. Using Cauchy condition, prove the convergence of 
nr 
sin k 
the sequence {a,}, where z,== >) 3 
h=1] 
A. By virtue of Cauchy condition, it is sufficient 
to prove that the sequence {z,} is fundamental. For 


that purpose we evaluate |, —27,+,|. We have 


n+p n+p ‘ 
ink 
In — lntpl =| oS 5 I< > ye ° 
h=n+1 k=n+1 
since Faery it follows that 
ke k(k—1) k—-1 kk? us 
a A 1 1 1 
1 went wae t+ tae 
hk=n+1 
4 1 4 1 
< (<-- nel )+ ( ni nd 
ras ee ae ee 
se ee oe a i 


Therefore Wn, p € N, we have 
[Zn —2Zn¢p |< iln. (1) 


= 54 


We specify an arbitrary « > 0 and set N = [1/e]. Then 
Vn ~~ N the inequality mn > [1/el -- 1 > 1/e holds true, 
whence 1/n< et. Consequently. using inequality (1), 
Va N and V natural p, we get [we — rpg p |< 
1/n < gs. This proves that the sequence is fundamental. A 
2. Using Cauchy condition, prove the divergence of the 
nT 
sequence {z,}, where z,= >) gt 
k=1 
A By virtue of Cauchy condition, it is sufficient to 
prove that the sequence {z,} is not fundamental. For 
that purpose we evaluate a” —Xn+p |. We have 


n+p 
Ex —IZn+p)|= > aie nr ner ee Vn, PEN. 
k=n+1 
In particular, for p = n we beet 
[tn —Zon| 2 WE = a Vn. (2) 
We take ¢ — 1//2. Then WN dn>WN and a natural p 
such that lx, — Th+p | Se. Indeed, by virtue of ine- 


quality (2), it is sufficient to take any 2 > Nand p = vn. 
This proves that the sequence {z,} is not fundamental. &A 


IV. Problems and Exercises for Independent Work 


37. Using Cauchy’s condition, prove the convergence of 
the BPaMENC? {r,} if 


1 


cos (k!) sin i: 
(a) an <4 pe ae » (EFA)? Tr == 2) Fr? 


k=1 h=1] 


(1) p= 2) aq", where |g]<1 and |a,|<M Vk, 
k=0 


M > 0. 
38. Using Gauchy condition, prove that if the se- 


quence Z, = > Ah is convergent, then lima, =O. 


N— oo 


39. Using Cauchy condition, prove the divergence 


of the sequence {z,} if 
n > 
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Chapter 3 


Limit of a Function. 
Continuity of a Function 


Jef. Limit of a Function. Limit Theorems. 
Infinitely Large Functions 


I. Fundamental Concepts and Theorems 


1. Limit of a function at a point. Assume that 2 is 
a numerical variable and X is its range. If we put a num- 
ber y into correspondence with every number r€X 
then we say that a function is defined on the set X and 
wrile y — f (x). The variable z is an independent variable 
(or the argument of the function), the set X is the domain 
vf definition (or simply domain) of the function f (x), and 
the number y which corresponds to this argument z is a 
particular value of the function at the point x. The set Y 
of all particular values of the function is the set of values 
(range) of the function f (2). 

The point a (a@€ X or a ¢ X) is a limit point of the 
set X if in any neighbourhood of the point @ there are 
points of the set X different from a. . 

In the definitions given in this section we assume that 
ais a limit point of the set X which is the domain of de- 
linition of the function f (2). 

Definition 1 (Cauchy’s). The number b is the limit of the 
function f (x) at the point a (asx a) if Ve >0 36 > 0 
such that Wx, satisfying the conditions x€ X,0< |a— 
a |< 6, the inequality | f (x) — b |< ¢ holds true. 

Definition 2 (Heine’s). The number b is the limit of the 
function f (x) at the pointa if for any sequence {2,} con- 
verging toa and such that x, € X, 2p 4, the corresponding 
sequence of values of the function {f (%,)} converges to b. 

The notation is lim f (z) = 0, or f (1) ~b as rt >a. 


va 
It should be emphasized that the concept of the limit 
of a function of a point a is introduced only for the limit 
points a of the domain of the function. Note thal in that 
case the function may not be defined at the point a, i.e., 
in general, a ¢ X. 


Da 


Here are the formulations of the negations of Defini- 
tions 1 and 2. 

Negation of Definition 1. The number 0b is not a limit 
of the function f (x) at the point a [b ~lim f (x)] if 


de >O0 such that Vidxr0 JAxrE€X for which O=<— 
|z—a|<6 and |f(z)—db|De. 
Negation of Definition 2. The number b ~ lim f (2) 


va 
if there is a sequence {z,} (t, € X, x, =£ a) which con- 
verges to a and is such that the corresponding sequence 
{f (c,)} does not converge to b. 

2. Limit theorems. 

Theorem 1. Definitions 1 and 2 of the limit of a function 
are equivalent. 

Theorem 2, Assume that f (x) and g (x) are defined in a 
neighbourhood of the point a except, maybe, for the point 
a itself, and lim f (x) = b, lim g (xz) = c. Then 

x~a vod 


lim (f(z) + 8 (2))=b+e, 
lim (f (2) — g (2)) =b—c, 
lim f (x) g (xz) = be, 


>= provided that c=&0. 


Theorem 3. Assume that the functions f (x), g (a) and 
I (x) are defined in a neighbourhood of the point a, except. 
maybe, for the point a itself, and satisfy the inequalities 
{ (x) <8 (t) Sh (z). Let lim f (v7) = lim h (v) = b. Then 
lim g (xz) = BD. : se 

3. One-sided limits. 

Definition 1 (Cauchy’s). The number b is the right-hand 
(left-hand) limit of the function f (x) at the point a if 
Ve >0 46 >0 such that Wx. which satisfies the con- 
ditions t€X, a<xr<a+6 (a—~6<x<a), the 
inequality | f(z) —b|<e holds true. 

Definition 2 (Heine’s). The number b is the right-hand 
(left-hand) limit of the function f (x) at the point a if for 
any sequence {x,} which converges to a and is such that 
Ln EX, Lp >a (Ly <a), the corresponding sequence of 
the values of the function {f (x,)} converges to b. 

The notations are lim f(z) =0b or f(a+0)=2 

x>atA 
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(dim f(z) =5 or f (a —0) = b respectively). 


Definitions 1 and 2 are equivalent. 

Theorem 4. If there are f (a +0) and f (a — 0) and 
fa+0)=ftw—O0)=b, then there is a limit 
lim f (xz) = 6. 

Theorem 5. Jf the function f (x) is defined in a neighbour- 
hood of the point a, except, maybe, for the point a itself, 
and there is a limit lim f (xz) = b, then there are 


Le with f (a + 0) =f (a —O0) = 
. Limit of a function as x > oo. Let the function f (z) 
m cornea on the ray (c, + oo). 
Definition 1 (Cauchy’s). The number b is the limit of 
the function f (x) asx > -+olb = Jinn f (x) if Ve >0 


JA > 0 (A Sc) such that Vx > A “there holds an ine- 
quality Ff (x) —b|<e. 
Definition 2 (Heine’s). The number b = lim f (a) if 
X— +00 


for any infinitely large sequence {x,} (%, >>) the corres- 
ponding sequence of the values of the function {f (t,)} con- 
verges to b 

Definitions 1 and 2 are equivalent. 

By analogy we can define jim f (x). Tf Jim | f(x) = 


Jim f(z) = b, then we write ‘lim f(z) = -b. For in- 
stance, lim (4/x) = 0. 


A theorem analogous to Theorem 2 is valid for one-sided 
limits and the limits as X —> Oo. 

5. Infinitely large functions. 

Definition 1. The function f(x) is infinitely large on the 
right of the point a if VMI >0O 46 >0 such that Vx 
satisfying the condition x€ X, axx<a+6, there 
holds an inequality 


f(z) | > M. (1) 
The notation is lim f(z) = o, or f(a+0) = 


x—>a+0 
It should be emphasized that the notation only means 
that f (x) is infinilely large on the right of the point a 
but does not mean at all that f (z) has a right-hand limit 
at the point a. This limit evidently does not exist. 


nn 


If the inequality f (7) > M (f (x) < —AV7) is satisfied 
in Definition 1 instead of inequality (1), then we say 
that the function f(z) is infinitely large of the plus 
(minus) sign on the right of the point a and write 

lim f (x) = +o,orf (a +0) = --o( lim f(z) = 

x—--a+0 x--at-() 
—oo, or f (a + 0) = —oco respectively). 

An infinitely large function on the left of the point a 
is defined by analogy. 

If a function is infinitely large on the right and on the 
left of the point a, then we wrile lim f(z) = oo. For 
instance, lim (1/r) = oo. xa 


x—>0 

Definition 2. The function f (x) is infinitely large on the 
right (on the left) of the point a if for any sequence {x,} 
converging to a and such that x, € X, t, >a (x, <a), 
the corresponding sequence {f (x,)} is infinitely large. 

Definitions 1 and 2 are equivalent. 

Let the function f (c) be defined on the ray (c, -!-0o). 

Definition 3. The function f{(x) is infinitely large as 
z—>-+oo if VM>0 JA (A Sc) such that Ve > 
A: |f (z) |> MM. 

Definition 4. The function f(x) is infinitely large as 
t —> oo if for any infinitely large sequence {vy} (vw, > ¢) 
the corresponding sequence {f (x,)} is infinitely large. 

The notation is lim f (x) — oo. 


oh XP -{- 00 

Definitions 3 and 4 are equivalent. 

By analogy, we can introduce the concept of an in- 
finitely large function"as 7 — —oo: lim f(z) = oo. If 

. ° e e a are 
the function f (x) is infinitely large as « + -l-co and as 
xz —»—oo, then we write lim f (x) = oo. For instance, 
V-> OO 

lim x = oo. 
xX—> CO 


IJ. Control Questions and Assignments 


1. Formulate two definitions of the limit of a function 
at a point. What does the equivalence of these definitions 
mean? 

2. Using Heine’s definition of the limit of a function, 
prove the uniqueness of the limit of a function at a point. 

3. Prove that Vz, lim «= 2x, using (a) Cauchy’s, 


(b) Heine’s, definition of the limit of a function, 
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4, Given a function f (2) = =, find whether the 


funclion f (v7) is delined at the point 2 = 0. Is the point 
« =O0Q a limit point of the domain of the function? Is 
here a limit lim f (2)? 

x0 


5. Formulate the negations of two definitions of the 
limit of a function al a point. 

6. Formulate Theorems 2 and 3 on the limits of func- 
Lions. 

7. Formulate two delinilions of one-sided limits of a 
function and the negations of these definitions. 


8. Are there f(3+0) and /(83—0) if f(a) = 
Is there lim f (x)? 


x3 


9, Under what conditions does the existence of one- 
sided limits (a limit of a function) imply the existence 
of a limit of a function (one-sided limits)? 

10. Formulate two definitions of a limit of a function 
as x — +oo and the negations of these definitions. 

11. Prove that the function f (x) = x has no limit as 
uv —> -b oo. 

12. Prove that lim a2— +00 


XN» 4-00 | ; ae 
13. Formulate the Cauchy and Leino definitions cor- 
responding to the following symbolic notations: 


[3—zl 4 
3—zx ° 


(a) ieee v)-- oo, (b) f(a--- 0) - — oo, (c) Sey) mee (i 
(l) lim f (2) = oo, (ec) dim J (2) — -} 00 


14. Prove Lhat the fneuion f (e) = 1/(% — 3) is in- 
finitely large al the point z = 3 


III. Worked Problems 
1. Prove that lim sin z = U. 


x0 
A We use the inequality |sinza|]<|2| Vz. We 
specify an arbitrary ¢ > O and set 6 = ¢e. Then, if |zl< 
5, then |sina |< |z2|<6=e. And this means (ac- 
cording to Cauchy’s definition of a limit of a function) 
that lim sinz=0. £2 
x21 


2. Galcalate _ f(z), where f(z) = — 


A. Since ae (2 — 1) -=0O and lim (zx — 1) =0, it follows 


¢ 


a7 


that this limit is an indeterminate form of type 0/0 
and we cannot use Theorem 2 on the limit of the quotient 
of two functions. We use the fact that when the limit of 
the function at the point x = 1 is considered, its argument 
does not assume a value 1. Therefore, lim f (zx) = 


xi 
lim (x -- 1) since f (2) = — x -|-1 if as 1. Let 
x1 
{z,} be an arbitrary sequence converging to 1 (x, = 1) 
and then lim (z, + 1) = 2. This means (according to 


T+ 00 


Heine's definition of the limit of a function) that 
lim (x + 1) = lim f(z) = 2. & 
>| 


x— | x 
V3t2—2 


3. Calculate the limit lim a 


x—> { 
A As in Example 2, this limit is an indeterminate 
form of type 0/0. However, as distinct from Example 2, 
here we cannot directly “cancel” « — 1 cut of the numer- 
ator and the denominator. Therefore we first. transform 
the function by multiplying the numerator and denomi- 
nator by (V3 +a + 2), i.e. by an expression conjugate 
to the numerator. We obtain 


V3+c—2 _ x—{ 
—s (n—1) (3-22) 


Since, when this limit is considered, the argument £ 
cloes not assume the value x — 1, we get the following 
expression when cancelling out 2 — 1: 


. V3+r—2 ; { { 
Jini ee ini = —-, 
not = —4 oi Vanegas at 


4. Prove that the Dirichlet function 


Q if x is an irrational number, 
D (x) = 


does not have a limit at any point. 

A We shall prove that at an arbitrary point a the 
function D (x) does not satisfy Heine’s definition of a 
limit of a function. To do that. we indicate two sequences 
{a,} and {z,} which converge to a@ and are such that 
lim D (z,) #~ lim D (x,). We shall first consider the 
N—> CO 1~> CO 


sequence {z,} of rational points, which converges to a. 
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1 if z is a rational number 


For this sequence D(z,)=1 Vn and _ therefore 
lim D (z,) =1. Then we consider the sequence {z;} 


7-—> oO 
of irrational points, which converges to a. For this se- 
quence D (x;,) =0 Vn and therefore lim D (z,) = 0. 


N-+ OO 
Thus lim D (z,) ~ lim D (z;,). Hence it follows that 
TM Ow n—-> co 

the limit of the function D (x) at the point a@ does not 
exisl. A 

5. Let us consider the set of all irrational numbers 
belonging to the interval (—1, 41). We designate it as J/;,. 
We define the function f (zx) on the set J;,: f (x) = 1 if 
x€I;,. Prove that lim f (7) = 1, where a is an arbitrary 


x>a 
point from the interval [—1, 1] (rational or irrational). 
A Let a € [—1, 1]. The point a is a limit point of the 
set [;,. We use Heine's definition of a limit of afunction. 
Assume that {x,} is an arbilrary sequence of points of 
the set J;,, which converges to the point a (7, ~<a). 
By the hypothesis f(n) =1 Va, €J;-, and therefore 
lim f (x,) = 1, and, consequently, lim f(x) =1. A 


™M—~> CO 

6. Prove that the function sin z does not have a limit 
as © —> +00! 

4. We shall prove that this function does not satisfy 
Heine’s definition of the limit of a function as x — 4-0. 
To do that, we indicate an infinitely large sequence 
{x,} such that the sequence {sin z,} diverges. We set 


C= 5(2n + 41). Then lim z, = -+oo and the sequence 
lQr-—> co 
{sin z,} = —1, 1, —1, 1, ... diverges. It follows that 


the function sin 2 does not have a limit as z ~-+0o. J&£ 
7. Let 
x for << Q, 


j (2) =| sinz for <>0 
({ (x) is not defined for z = 0). Is there a limit lim * (x)? 


A We calculate the one-sided limits of the Fanci 
f (x) at the point z = O using Theorem 5 for the functions 
y =: sinz and y = x at the point a = 0 


f(a+0)= lim sinz=limsinz=—0O, 
x+>0+0 


x—> 0 
f(a—0O)= lim z=limz=0. 
x+Q-0 x>Q 
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According to Theorem 4, it follows that there is a limit 
lim f (xz) and it is equal lo zero. & 


x0 


8. Calculate lim f (2), where f (x) = 100x? +- 4 
x—> 0S 


z®+- 100 


A This limit is an indeterminate form oo/oo since the 
numerator and the denominator are infinitely large func- 
tions aS x —» oo. We represent f (r) in the form 


100 +- 1/2? 
f(a) =F (#0). 


Since lim (1/2?) =0, we can use Theorem 2 (as 2— 00) 
> OO 


and obtain 


lim (1004/22) 
im 1) =p roo) = 100. 
x—> 00 


Examples 2 and 8 allow us to formulate general rules 
for calculating limits of the form lim R(x) and 


e e e eer 
lim A (x). Here R (zx) is a rational function (rational 


X—> oo 
fraction), i.e. R (x) = Py (2)/Qm (2), where F, («) and 
Qm (x) are polynomials of degrees n and m respeclively. 


If tim Qm (%) = Qm (a) 40, then lim R (2) = sie 


x->a Qm (a) 
If lim Q,, (x) =0 and lim P, (vx) 540, then 
va xd 
lim R (2x) == oo. : 


If lim Qy (z)=lim P, (2), then P,, (x) =(«4—a) P%-4 (2), 


l 


O72) = (x —a) O* _, (z) and 
lim R (2) = lim Pn—-1(z) 


xr OL xl QF, =- 1 (z) : 


To calculate lim R(z), we must divide the numerator 


“<-> OO 
and the denominator of the function R(z) by a™ and 
then calculate the limit of the resulting function, 


taking into account that lim 2m) _ y,, where by is 4 
1 


x—> 00 


coefficient of z™ of the polynomial Q,, (2). 
9. Let limf(z)=b, limg(z)= + 0c. Prove that 
x—>a 


lim (f (2) + 8 (2)) = + 00. 
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A. We shall prove that the function f (x) + g (x) sa- 
tishies the definition of an infinitely large function of the 
plus sign al the point a, i.e. WAZ > 0 J6 > 0 such that 
Vic satisfying the condilion O < |.«—a |< 6 the ine- 
quality f (x) -+ g (x) > AW holds true. Since lim f (z) = J, 


xr a 
there is a 6,-neighbourhood of the point a in which (for 


x = a) 

lf@l<e, (2) 
where C is a positive number (prove this yourself!). We 
specify an arbitrary 17 > 0. Since lim g (x) = -;0o, it 


va 
follows that for the number M@+C 35>0 (6< 6)) 
such that Vz satisfying the condition 0 < |x —a|<d 
there holds an inequality 


g (2) > M+C. (3) 


From inequalities (2) and (3) we lind that for 0< 
jn —al|<b< 6, there holds an inequality 


fi +e) 2a) —l/@lo>w+eo—-CHaaN, 
and this is what we wished to prove. 

IV. Problems and Exercises for Independent Work 

14. Using Cauchy’s definition of a limit of a function, 
prove that lim (2 sin (1/r)) = 0. 

x—>0 

9. Prove that the function f (x) = sin (1/z) does not 
have a limit at the point z = 0. 

3, Is there a limit lim {x}, where {z} = x — [7] 

x“—_> 

is the fractional part of the number 2? 
a® if x is an irrational number, 


4. Let f(x) =| 1 if x is a rational number. 


Prove that f (z) has a limit at the points z = f and tx = 
4 and does not have a limit at the other points. 


5. Prove that (a) lim(1—cosz)=0, (b) limtanz—0. 
x0 x0 
G. (a) Using the inequality sintr<r<tanz (O< 
« —x/2) and Theorem 3, prove that 
gin z 


lin —— = (the first remarkable limit). 
x-> 0 
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(b) Using the first remarkable limit, prove that 


lim Bee on lim 
x Dp: 


x—> (J x0 


tan zx xii. 


7. Assume that 


nT N=—1 Tr 


Prove that 

“oo for n>™m, 
lim R(z) = a,/b, for n=m, 
ania 0) for n<om. 


8. Calculate the following limits: 


: (i+ 2)§—(1+32-+ 32?) : z*—4 
(a) ae zi x3 > (D) soe x3 — 9x2 4-7 —2 
xz?—5rz+6 ci —3zx+2 


(c) lim aeepis IM aes 


: m_ { : 
(e) lim = 7- (m is a natural number). 
x—> 1 a 


9. Calculate the following limits: 


/ = vA 
(a) ii, (b) lim ed set lead 
x—> 4 \/ z—2 x—- -8 24-7 x : 
pees 
/ ~— 
(c) lim l= : ; 
x+16 Jo r—4 


10. Calculate the following limits: 


ye a wo (se —3)19 (Sx 4-1)! 
(a) lim yey (lin 
(c) lim Ve+Vat ye » (cd) Jim VECVaty Ss | 


xX -- 00 Vari x%—+ +00 y 22-41-14 
11. Prove that limcosz does not exist. 


{2. Is there a limit lim f (x) if 
(a) a=1, f(x) =xsgn(x—1), where 
1 for x>0, 


sen z= 0 for r=0, 
—1 for z< 0, 


Lt . 
S222 for x>O0, 


sin x 
—— for r<<Q, 


| ees for x< 0), 
(bh) a=0, f(v= 


(c) a=0, f(x)= 
cosx forz>0? 


13. Let limf(z)=b, limg(z)=-+ 00. Prove that 


x—-a 


(a) Lim (J (2) —g (2) = —2, 


(b) lim ££) = co (for b=0), 


xa | (2) 
(c) lim LS =0, (d) lim f(z) g(t) =00 (for b= 0). 
144. Let limf(z)=0 (with f(z)~0 for za), 


lim g(z)=b 0. Prove that lim an = 00. 


3.2. Continuity of a Function at a Point 


I. Fundamental Concepts and Theorems 


1. Continuity of a function at a point. Let a function 
be defined in a neighbourhood of the point a. 

Definition. The function f (xz) is continuous at the point 
a if lim f (z) =f (Q). 

Assume that the function f(z) is defined in the 
right-hand (left-hand) half-neighbourhood of the point a, 
i.e. on a half-open interval [a, a + ©) ((@ — &, a] res- 
pectively). The function f (z) is continuous on the right 
(on the left) of the point aiff (a+ 0) =f (a) f(@— 0) = 
f (a) respectively). 

_ Theorem 6. For a function to be continuous at the point a, 
it is necessary and sufficient for it to be continuous on the 
right and left of that point. 

Theorem 7. If the functions f (x) and g (x) are continuous 
at the point a, then the functions f (x) + g (x), f(z) — 
& (x), f (x) g (x) and f (x)/g (x) are also continuous at the 
point a (the quotient is continuous provided that g (a) + 0). 
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2. Continuity of a composite function. Assume that 
the function y = (xz) is defined on the set Y and Y 
is the range of this function. Assume, furthermore, that 
a function u = f (y) is defined on the sel Y. Then we say 
that a composite function is clefined on the sel X and write 
u=f(y), where y=g(z), or u =f (@ (2)). 

Theorem 8. Assume that the function y = ¢p (x) is con- 
tinuous at the point a and the function u = f (y) is contin- 
uous at the point b = @p (a). Then the composite function 
u =f (9 (z)) = F (2) is continuous at the point a. 

3. Continuity of elementary functions. 

The functions y = C = const, y = 2%, y = a*, y = 
log, z (a>0, a~«1), y =sinz, y = cosa, y = tan 2, 
y=cotz, y=aresinz, y= arccosz, y = arctan 2, 
y = arccot x are the simplest (or basic) elementary func- 

ions. 

. A function is called elementary if it can be obtained by 
means of a finite number of arithmetic operations and 
superpositions involving basic elementary functions. 

The collection of all elementary functions constitutes 
a class of elementary functions. 

Besides the hasic elementary functions use is often 
made of the so-called hyperbolic functions: 

hyperbolic sine (sinh x = (e* — e-*)/2) 

hyperbolic cosine (cosh x = (e~ + e-*)/2) 

hyperbolic tangent (tanh x = sinh z/cosh 2), 

hyperbolic cotangent (coth x = cosh z/sinh x). 

Theorem 9. Any elementary function defined in the neigh- 
bourhood of a point is continuous at that Point. 

4. The second remarkable limit 


mae! (1+ x)!" = e ~ 2.718281828459045 ... 


Note that this limit is an indeterminate form of type 1°. 

0. Classification of points of discontinuity. Let a be 
a limit point of the domain of the function f (x). The 
point a is a point of discontinuity of the function f (2) 
if at this point f (x) is not continuous. Let f (x) be defined 
in a neighbourhood of the point a, except, maybe, the 
point a itself. Then a is 

(1) a point of removable discontinuity of the function 
j (x) if there is a limit lim f (z) = b, but either f (z) 


is not defined at the point aor f (x) =& b (if weset f (2) = b, 
64 


then the function f (z) becomes continuous at the point a, 
i.e. the discontinuity will be removed), 

(2) a point of discontinuity of the first kind of the func- 
lion f (x) if there are f (a + 0) and f (a — Q) but f (a + 
U) = f (a — 0), 

(3) a point of discontinuity of the second kind of the 
function f (x) if at least one of the one-sided limits of the 
function f (x) does not exist at the point a. 


IT. Control Questions and Assignments 


1. Formulate the definitions of (a) the continuity of a 
function al a point, (b) the continuity of a function on 
the right (on the left) of a point. 

2. Formulate the necessary and sufficient conditions 
for the continuity of a function at a point. 

3. Test the function f (x) for continuity at an arbitrary 
point a: 

(a) (x) = 2°, 

O if z is irrational 

WOE 1 if z is rational 

4. What functions are known as elementary? 

5. Prove that the function y = sin z is continuous at 
any point a. 

G. For what values of the argument z is the function 
{ (z) = arcsin (In z) continuous? On the basis of what 
theorem? 

7. What points are known as points of discontinuity of 
a function? 

8. Give a definition of a point of removable disconti- 
nuity and points of discontinuity of the first and the 
second kind. 

9, Find the points of discontinuity of the Dirichlet 
function. Indicate the kind of those points of discon- 
Linuity. 

10. Indicate the kind of the point of discontinuity of 
the function f(z): (a) f(z) =segnaz, (b) f(z) = 
| a |/r. 

11. Formulate the theorem on the continuity of a com- 
posite function. Using this theorem and the first remark- 
SIN & 


(Dirichlet’s function). 


able Jimit, calculate Jim In 
x > 0) 
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12. What functions are known as hyperbolic? Do they 
belong to the class of elementary functions? For what 
values of the argument are these functions conlinuous? 


TI. Worked Problems 


1. Test the function jf (x) for continuity and indicate 
the kind of its points of discontinuity if 


(a) f())==, (db) few", 
x for <<c1, 


(c) j (2) =| Inz for x>1. 


A (a) For x 0 the function f (x) = z and is not de- 
fined for z = QO. Since lim x2 =a Ya, it follows that 


lim f (x7) = a = f (a) for a +“ 0 and, consequently, f (x) 
xa 


is continuous at any point a0. At the point x = 0 
the function f (z) has a removable discontinuity since 
there is a limit lim f (2) = lim z = 0 


x—>0 x->0 

(b) The function f (2) = e-* is elementary since il is 
a superposition of the functions y — —zx-! and f= ev. 
The function f (z) is defined for all x, except for z = 0. 
Consequently, accerding to Theorem 9, it is continuous at 
any point x =4£ 0. Since f (x) is defined in the neighbour- 
hood of the point z = 0 and is not defined al the point 
t= Q itself, it follows that rc — 0 is a point of disconti- 
nuity. Let us calculate f (0 +- Q) and f (0 — 0) using 
Heine s definition of a one-sided limit of a function. We 
consider an arbitrary infinitesimal sequence {z,} such 


that zx, >0O Vn. Since lim (—1/z,,) = —oo, we have 
< n+ oo 

lim e-*/*n=0Q. Consequently, lim e-’* —0. Let 
n-->co 


; ; o> Or 0 
us consider now an arbitrary infinitesimal sequence 
{tn} such that zx, <0 Wn. Since lim (—1/z,) = 4--~, 


71—> 00 


it follows that lim e-l/* = +oo. Therefore lim e-/*=— 


eee ae (ae) ee — 

Thus the limit of f (x) on the left of the point « — 0 
does not exist and, hence, z = 0 is a point of disconti- 
nuity of the second kind. 

(c) We shall prove the continuity of / (x) at the point 
a==1. We lake e<|a—1 |, ¢ >O. Then the neigh- 
bourhood of the point a does not include the point z = | 


66 


ife << {a —1 |. In this e-neighbourhood f (2) coincides 
either with the function @ (v7) = x if a<1 or with the 
function (v7) = Ina if a>. Since these basic ele- 
mentary functions are conlinuous at the point a, the 
function f (v) is continuous al any point @ =4 1. We lest 
the function f (c) for conlinuily at the point @ = 1. For 
that purpose, we calculate its one-sided limits at this 
point utilizing the continuity of the functions @ (x) and 
p(x) at the point a =1 and Theorem 6. We obtain 


{(1-}-0) = lim Invz=limIna=In1~0, 


x—> 14-0 x» f- 
f/(—0)= lim z=lima—1. 
x—>1-0 x { 


Thus f (1 + 0) /f (1 —0), and therefore f(z) has a 
discontinuily of the first kind at the poinLa = 1. A 
2. Prove that 


(a) lim 22@or2) @ 4, 
x—+Q0 x 

(b) lim = =Ina, a>0O, a1. 
x— 0) 


A (a) We represent the function irs) in the 


form In(i-+2)/*=Iny, where y=(1-+2)'/*. Since 
lim (1+ 2)!/*=e and the function Iny is continuous at 
x—+0 
the point. y=e, it follows that lim In (1-++2)!/*= Inec=1. 
x0 
(b) Let us consider the function y = @ (x) = a* — 1. 
It is continuous at the point z = 0 and y (0) = 0. In 
this case 


ry | y 


z= log, (1- . a = a ee 
ct=logg(1--y) anc loga (1+ y) ° 


calculate lim ——“———_ ysi 
We 1M Tog (tty) using the result obtained 
in ifem (a): 


lim y _1; ylna 
y+ 10a (i+ y) am In (4+ y) 


Ina 


=Ina ee er 
In (14-++y) i 1 =Ina. 
Yy 


lim 
v0 
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We shall- consider now the function f(y) continuous at 
the point y=0O: 


Y , 

See ae 
f(y) -| loga (1-}-y) or yO, 
me for y= 0. 

According to Theorem 8, the composite function 
f a*~ —1 fons er 


i 
for «-- 0 


f (p (a) = if 
na 


a* — 


is continuous at the point «--0. Therefore, lim 
x) 
Ina. A 


IV. Problems and Exercises for Independent Work 


15. Test the function f (x) for continuity and indicate 

the kind of ils points of discontinuity (see Exercises 1-4): 

(a) f (7) = 2 sin (1/2), (b) f(z) = sin (1/2), (c) f (x) — {2}; 
x* if x is an irrational number, 

(d) j(ay={ bt yt oud 

1 if a is a rational number, 


(e) f (2) = — (ff (2) =aretan (1/2), 


f fa\ 1 a x2 
(g) f(z) = TnexKi aay? (hi) f (2) = In Tepes 
. x for OSa<1, 
1@™=|5 > he 
2—x for 1<2<2, 
. x for |r|<1, 
TL es pep manieeeh 
cos (mz/2) for |z]<1, 
(ky £(@) | lx—1] for jx|>1. 
16. Prove that 


(a) lim ==" 21, (b) lim S22 —* Wg, 
x->Q 


x aie 
: sinh x : tanh z 
(c) lim——— =1, (d) lim —— =f, 
x0 L x—> () 
(e) lim {—coshze se 
x0 x* é 
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3.3. Comparison of Infinitesimal Functions. 
The Order Symbol “o” and its Properties 


I. Fundamental Concepts and Theorems 


1. Comparison of infinitesimal functions. The func- 
tion a (z) is infinitesimal. as x —a (at the point a) if 
lim @ (x) = 0. Let @ (z) and f (zx) be two infinitesimal 


x—>>a 
functions as x >a. The functions @ (z) and 6 (z) are 
(a) infinitesimal functions of the same order as x +a 

(at the point a) if 
lim 2@ 


xa B(2) 


(b) equivalent infinitesimal functions as x >a (at the 
point a) if 


=¢ (Q, 


lim _ = 1 (the notation isa~f as r—a). 
If lim ae =(, then we say that a(x) is an infini- 


tesimal of a higher order of smallness as x —a (at the 
point a) than B (x) and write a = o (Bp) as x >a (a is 
equal to “o small” of B as x ~ a). 

For example, 22 = 0 (z) as t > 0. 

Similar definitions are true for the cases x >a -+- 0, 
c£—»>a—Q and x > oo. 

It should be borne in mind that the equalitics which 
contain “o” are conventional. For instance, the equality 
x* = 0 (x) holds truc as z —-0 but the equality o (7) = x” 
does not since the symbol o (x) denotes not a specific 
function but any function which, as z —0, is an infini- 
tesimal of a higher order of smallness than 2. There are 
Infinitely many functions of this kind. In particular, any 
function 2? (where p > 1) is o (x) as x +0. Thus the 
equality 27 = o (2), as x +0, means that the function 2 
belongs to the set of infinitesimal functions of a higher 
order of smallness, as z—0O, than wz. Therefore, the 
reverse of this equalily, i.e. o (vz) = 2°, does not hold true 
since the whole set of functions o (x) does not reduce to 
a single function -x°. 

2. The properties of the symbol “o 

Theorem 10. Let a, (x) and a, (x) be two arbitrary in- 
finitesimal functions as «—>a such that a, (x) = 0 (f) 


9 
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and @, (x) = o (f). Thena, (x) -|- a, (2) = 0 () asx >a. 

This theorem can be wrillen in the concise form o (f) 4- 
0 (B) = 0 (f). | 

Here are a number of other propertics of the symbol 
“o’ (everywhere we assume that @ —>0O and fi —U as 
x —a). 

1°. o (B) +- 0 (B) = o (B). 

2°. 0 (B) — o (B) = 0 (B). 

3°. o (ch) = o (B) V number c ~ 0. 

49°. co (B) = o (B) V number c ~ 0. 

5°. 0 (B") = 0 (BY), n>2 (nEN), k= 1,2... 
n — 1. 

6°. (0 (B))" = o (f") Wr EN. 

7°, B"o (B) = 0 (P"#) Wn EN. 


80, a =0 (PB), n>>2 (EN). 


We use the symbol o (1) for any infinitesimal function 
as z —a. Then property 8° is also valid for yn — 1, i.e. 
= 0 (1). 


: n 
(0 } 
Jo; o( 3 cB") =0(f), where c, are numbers. 


10°, o (o (B)) = (B). 
11°. o (Bp +0 (p)) =o (f). 
a 


12°, «fh =o (a) and af = v (p) 
13° If a~ B, then a — p = 0 gm) and a@ — 5 = 
» (). " 


If. Control Questions and Assignments 


1. Give the definition of an infinitesimal function 
(a) lor x —-a, (b) for x + oo. Give examples of functions 
of this kind. 

_ 2. Formulate the definition and give examples of an 
infinitesimal function ¢ (x) 

(a) of the same order as the function B (x) at the point 4, 

(b) equivalent to the function B (x) at the point 4, 

(c) of a higher order of smallness, as 2 +a, thaw 
(} (x). | | 

Interpret the symbolic notation o% = 0 (§) as x >a. 

3. Givé examples of functions & (2) for which the fol- 
lowing equalities hold true: (a) @ (7) = o (x) as x +0, 
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(b) % (x) = 0 (V1 —2) asx +1—0, (c) a (2) = 0 (1/2%) 
as XL —> Oo. 

4. Prove that 2? = o (x?) as x +0. Find whether the 
equality 23 = o (f) holds true as x —O if (a) B («) = 2, 
(b) B@)= 2 Viel (BG) =2Vizh @) Bw = 
x* sin 2. 

5. Prove that (x — 1)? =o (x —1) as x +1. Find 
whether the equality (c — 1)* =o0(f) holds true as 
x1 if (a) B (2) = (e — 1), (b) B (@) = sin (« — 1)’, 

(x— 1)? 
(c) B (z) = Ing 

6. Prove that 41/2z*=0(1/z’) as z-»oo. Does the 

equality 41/24—=0(B) hold true as x — oo if 


(a) B(2) = (k=14, 2), (b) B(Q)=—, 


() B@)=—ar @) B() =a 


1 
(e) B(z) = (x — 4)4 arctan (1/2) ? 
7. Are the functions sin z and z equivalent infinitesi- 
mals as x 0? Prove that sin xz —z =o (z) as x +0. 
8. Using the properties of the symbol “o”, write an 
equality of the form @ (z) = o (x*) as x +0 for the func- 
Lion (x) if 
a (x) = 0(2x*)+ 0(z*), a (x) =0(x)—0 (2), 
a(x) =50(x), @(%)=0(3z7), (x) = (0 (x))3, 
o (z)§ 
x? : 
a(t) =0(—2+22?+ x), a (x) =0 (0 (2), 
a (x) =0(z-+0(z)). 


9. Using the properties of the symbol “o”, write an 
equality of the form @ () = 0 (1/x*) as x + oo for the . 
function o@ (x) if 

a (x) =0 (1/x)—0 (1/2), a (x) = 10000 (4/2), 
CL (x) = 0 (1000/z) » &@ (x) == (0 (1/V |z]))2, 


a (x) = 70 (1/2°), a (2) = 0 ( 1 ) 


a(r)=xzo(x), a(r)= 


2 


a(z)=0(0(=r)), *(2)=0 (4. 46(4)), 


zr 


TA 


Ill. Worked Problems 


1. Find whether the equality @(z)=o(z) holds true 
as x—>O if (a) a(z)=227, (b) a(z)=32z, (c) a(z)= 


Viel, () @@)= a5 E> ©) @(e)=1—-cosz. 


In |z] 
sex toe 
A (a) 2%*=0 (x) since lim — =0. 
x+0 
(b) The equality 3x=o0(zx) does not hold true since 


lim ——-=3 0. The functions 32 and x are infinitesi- 
mals of the same order of smallness when x —-> 0. 


(c) V |x| +o (x) since lim 2. ee 


x+0 
; oH _ P . wo : = 
(d) ner o(x) since an (<< Fi se) = (), 
(e) 1—cosz=o(z) since lim Be nid pela tid 
x—> (0 io x—> 0) ee 
sin (2/2) 2 2) 9 


2. Find whether the equality a (z) =o0(z?) holds true 
as £-> 0 if (a) a(z)=sin?z, (b) a(x) = 23, (c) a(x) = 
1 —cos x. 

A (a) sin? z=40 (x?) since lim a ii (Beh ad. 

x+9 7 x—- 0 ae 
The functions sin?z and 2? are equivalent infinite- 
simals at the point x=0. 


3 
(b) z3=0(zx?) since lim — =O. 
x+90 2 


(c) 1—cos z=40(z?) since lim 


x—+(0) 


1—cosz : ere 
gg Che fune- 
tions 1—cosz and zx? are infinitesimals of the same 
order of smallness at the point z=0. A 

3. Using the limits 


- sing : 4—cosz 1 
(a) ae = =1, (b) aye mer aaa 
(c) lim In(@i+z) 

x0 x 


ji 
(d) FA ot (x is a natural number), 
x->0 
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‘ : : nf” | mm 
represent the functions sin zx, cos z, In (1 + 2), yi-+2 
In the form 

Wp (z) = ay -+ aya" + 0 (z") as x +0, 

where kh = 1 or 2, a, and a, are some numbers. 
A We shall first prove that if @ (z) and (x) are in- 
finitesimals of the same order of smallness when zx — a, 


i.e. Jim aay = —c=~0, then o@ (x) = cB (x) + o (f) as 


xa. 
Indeed, since 


lim (4 —c) =0 or ie SOS ag 


xa \ B(z) x—>a B (=) 


we find, according to the definition of the symbol o (f), 


that a (x) — cB (xz) = 0 (f), or 


a (x) = cB (x) +0(Bp) as xz —a. (1) 

Using formula (1), we find from relations (a)-(d) that 
sin z= 2z-+0 (2) for <—> 0, (2) 
| cos = 1—- a? +0 (s?) for x > 0, (3) 
In (1+ 2) =2z+0 (2) for z > 0, (4) 
Vi+e=1+—a+o(e) for +0. (5) 


Formulas (2)-(5) are asymptotic formulas, or asymptotic 
expansions, or, else, asymptotic representations of the func- 
tions sina, cosz, In (1 +4 2), V1 +z as x >0O. The 
least term on the right-hand side of these formulas 
[o (x) or o (2*)] is the remainder of an asymptotic formula. & 

4. Prove properties 2°, 3°, 69, 9° and 10° of the symbol 
"Oo. 

A Recall that the symbol o (B), appearing on the left- 
hand side of the formulas, means any inlinilesimal func- 
Lion at the point @ of a higher order of smallness than 


(> (ar). 
{. We shall first prove properties 2°, 3° and 6°, i.e. 
o (B) — o (B) = 9 (f), (6) 
o (cB) =o($) V number c +0, (7) 
(0 (B))" =o (B") Wn EN. (8) 
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We designate as qc, (z), @, (x) and «@ (x) arbitrary in- 
finitesimal functions at the point a such that ca, (rv) = 
0 (B), a (x) = o (B), a@ (zt) =o (cB) as « >a. By the 
definition of the symbol “o”’, these equalities mean that 


eeu (Cama (9) 
lim “Fay = (10) 
im $2 —0 ex. 


To prove the validity of relations (6)-(8), we must prove 
that 


cy (t) — Og (2) = 0 (f), a (2) = 0 (B), 
(ay (2))” = 0 (B"), i.e. 


— im 22 =e (2) 
ni Fe 
aie (zy) ye Werle) 
eG A= ay 


Taking (9) and (40) into account, we obtain 


Fr ry eae Gad Fy cad V9 YG 


— x >a B (z) xa B (z) 


L,= (lim 1 (2) )v= Oss U. 


xa B (*) 


Using relation (11), we find that 


L,=clim *@ —¢.0=0. 


xa CB (z) 


We have thus proved the validity of formulas (6)-(8). 
2. We shall now prove properties 9° and 10°, i.e. 


0 (> cub" ) =o(B) (c, are numbers), (12) 
o (0 (B)) = 0 (Bf). (13) 


We designate as (x), w@ (x) and @ (2) arbitrary infinitesi- 
mal functions at the point a such that 


ap (2) = 0 2 ChB", a(x) = 0(f), yp (zy = 0 (a) = 0(0()), 
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lim —@) 0, (14) 
aa >) chBr 
k=1 
lim ar (15) 
no aa (6 


To prove the validity of relations (12) and (13), we 
must find that 


_ Jim ¥() _ @ (z) 
ea TC Mas nut Canad 
Taking (14), (15) and (16) into account, we obtain 
> cnBr 
L,=lim 2 lim = —=0-e,=0, 
x—-a >} crBe x-ra 
h=1 


_ yin 2 &) @(z) _ 9 yp _ 
— oe 


We have thus proved the validity of relations (12) 
and (13). A 
IV. Problems and Exercises for Independent Work 


17. coins the limits 


(a) lim“— —Ina (a>0, a1), 1, 
x-+ 0 

(c) lim EF —* =a, (cl) a sinh: hel 
x-—-0 
. tanh z aid. ze U6UA 

(c) ers (f) lin = x 


derive the asymptotic haces (as x 0) for the func- 
lions a*, e*, (1 + 2)*, sinh z, tanh z, cosh z. 

18. Prove properties 1°, 4°, 5°, 79, 8°, 11°-13° of the 
symbol “o”. 

19. Find out whether the equality o (0 (z)) =o (z't®) 
holds true as xc +0 if (a) e > 0, (b) e = 0, (c) -1< 
e <0. Substantiate the answer. 


hy) 


20. Find out whether each of the following equalities 
holds true: (a) o (x + 2°) = o (a*) as x > 0, (b) o (x) = 
o (x*) as x 0, (c) o (x?) = o (x) as x 0, (d) o (1/2) = 
o (1/x?) as t — oo, (e) o (1/z*) = o (1/2) as t > ow. Sub- 
stantiate the answer. 

21. Using the properties of the symbol “o”, wrile an 
equality of the form a (x) = o (1) or @ (x) = o ((x — a)") 
as x +a (k is a natural number) for the function « (z) if 

(a) a (x) =o (—Or + a? — 28 4+ o (—5rx + 2x? — 23)) 
as x > QO, 

(b) a (x) = (« — 1) o ((x — 1)? + o (x — 1)) for x +1, 

(c) a. (2) = <0 (32+ 2) for <0. 


22. Using the properties of the symbol “o”, write an 
equality of the form «@ (z) =o (1) or a (z) = 0 (41/z") 
as Z —> oo (k is a natural number) for the function @ (z) if 


(a) a(2)=0(s>—-2+0(+)), 
(b) a. (2) = — +, (c) e@)=sto(seto(sr)} : 


(d) st=2(0(4 bs (4 us, xs a 
z)). 


—=0 
(c) a(x) =dz- o(+ +0/( 

0.4. Calculating the Limits of 
Functions by Means of Asymptotic Formulas. 
Calculating the Limits of 
Exponential Power Functions 


I. Fundamental Concepts and Theorems 


{. Asymptotic formulas. In the examples and problems 
presented in 3.38 we obtained asymptotic formulas for 
the basic elementary funclions as z +O. We shall tab- 
ulate these formulas: 

I. sing =z +0 (2). 

2 
I]. cos z= 1— + 0 (2°). 


II. In (1 + 2) =a 4- 0 (2). 
IV.a®*=1+2eIna+o(z) (a>QJV); 
e*—1+2-+40 (2). 
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Wh de ea dee O(a), 
yI. tant = 2 -- 0 (a), 

VII, sinh t = & + 0 (2). 

vith, cosh #14 a ofa) 


TX. tanh x =-2 -!- 0 (2). 

These formulas remain valid if the argument xz in them 
is replaced either by z,, where {z,} is an infinitely small 
sequence, or by y(t), where lim y (x) = 0. For instance, 

x 


x—7a 
the following representation resulting from formula (1) 
holds Lrue: 


._ ff 4 4 
sin Poy = Po + 0 =) ’ 
where {o(1/n2)} is an infinitesimal sequence of a higher 


order than {1/n?}, i.e. lim ie = lim n2o (1/n?) = 0. 


—» 0o 


The function y (z) = 2 —1 is infinitesimal as x + 1, 
and therefore from formula III we get a relation 


In (1 -k y (z)) = y (2) + 0(y) as x —i, 
or 
In(@l +(e —1)) =Inz=ax—1 +0 (¢ — 1) 
as x >t. 


Using this relation and formula II, we write the asymp- 
totic representation of the function cos In xz as x 1: 


cos In z=cos (r— 1+ 0 (x—1)) 
a1 atte 4 9 (24-40 (2—1))9. 


On the basis of the properties of the symhol “o”, we get 
(zc —1-+0 (x—1))? 
2 
(z— 


. EM +(e —1) 0(e—1) +4 fo (@— PF 


_4)2- _ 
— ES +0 (e— 1)? +0(2 tp FO 4g (g_ 42, 


cjmilarly, 
(e@ —1 +0 (@ — 1) = (@ — 1)? 4 0 (@ — 12, 

py virtue of property 119 we hava 
o ((z — 1)? +o (x — 1)?) ~ 9 (w — 4): 
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The final result is 
cos Inx=1—@ =" 4 0 (x — 1)? as z—> 1. 


2. Calculating the limits of exponential power functions. 
Consider the calculation of the limit, as 2 —a, of the 
exponential power function [wu (x)]*(, where the func- 
tions u (z) and v (z) are defined in a neighbourhood of the 
point a, and uw (xz) > 0. 

The following cases are possible here: 


1. If limu(z)=b>0, limv(z)=c, then limu(r)PO=D*. 


xa x—> il x-aQa 
2. If limu(z)=0, limv(z)=-c>0 (or +00), then 
limu”=0. 
3. If limu(«)=0. limv(z)=-e<0 (or —oo), then 


x—~-a 
4. If limu(z)=0, limv(2z)=0, then limu(a)"@ is 
x—a x—a x—>n 
an indeterminate form of type 0°. 
Oo. If limu (z) = + 0, limv(z) =¢>0 (or -|- 0), then 
x—>a xa 
lim wu" == +00. 


6. If limu(z)= +00, limv(z)=c<0, (or —oo), 
x—>a x—>a 
then limu’=0. 
xa 
7. If limu (2) = + 00, limv(z) =0, then lim” is an 
xa x—a x—>>a 


indeterminate form of type oo®. 

8. If limu(z)=1, limv(x)= 00, then limu® is an 
xa x->a x-ra 
indeterminate form of type 1~. The second remarkable 
limit is an example of an indeterminate form of this type: 
lim ({+2)!/* =e. 

x—>0 
If we represent u” as e” !" 4, then each of the indeter- 
minate forms (0°, co®, 1%) reduces to an indeterminate 
form of type 0-oo for the function v In wu. 
If, in this case, limvlnu-=-b, then limu’=e’. 


x->a x->a 
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If. Control Questions and Assignmenis 


I. Write asymptotic formulas for the functions sin 2, 
lan w. cosa, In (1 + a), e*, a®, (1 -} a)%,-sinh 2, tanh 2, 
cosh wa as rv >. 

2. \Wrile asymplotic formulas with the remainder of the 
form o (2*) as x —0 or o (1/z*) as +00 (a > 0) for 
the composite functions sin y, tan y, cosy, In (4 + y), 
e’, a’, (1 4+ y)", sinh y, tanh y, cosh y if (a) y = 37 
and 2 0, (b) y= Ya and x > +0, (c) y = 2 and 
xr —>Q, (d) y = i/r and 2 + o. 

3. Wrile asymplolic formulas with the remainder of the 
form o (1/n™) (@ > 0) for the sequences sin 7,, tan 2), 
cos v,, In (1 -!- a,), e2, ava, (1 -+- z,)%, sinh x,, tanh z,, 
cosh2, if (a) 2, = 1/n, (b) ty = 1/n?, (c) 2, = 


In (1 + -), (d) 2, =el/™ —1. 


4. Give a definition of an infinitesimal sequence {a,,} 
of a higher order than {1/n} as n > co. Give a definition 
of the infinitely smal] function @ (xz) of a higher order 
than 1/2 as tr + co. Write the symbolic notations for 
a, and « (2). 

5. Of what order of smallness are the sequence a, = 
no (1/n)? as n—oo and the function a@ (x) = xo (1/2°) 
as xZ—»oo as compared to {1/n} and B (x) = 1/z respec- 
tively? : 

6. Using the asymptotic formula IV and Heine’s 
definition of the limit of a function, prove that e!/” — 


14+—-+0(—) as N—> oo. 


7. Find whether the following equalities hold true: 


to 


V Tat = 145 2240 (2%) as x—>Q, 
TU 41 m1? 1 
cosh —- = ee a1 © (=r) as n—> ©. 
Substantiate the answer. 

8. Inumerate possible cases for calculating the limits 
of exponential power functions. Give examples of three 
types of indeterminate forms for those functions. 

9. Calculate the following limits: 


x—2\x L—2\ 2x ; vt fins 
(a) Him (Se=3)" +) Lim (Fea) "> (ey Bim (ay! 
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III. Worked Problems 


1. Calculate lim sin sin tan (z*/2) 
x—>0 In cos 3x 


A We write the asymptotic expansion of the numerator 
using the asymptotic formulas for the sine and tangent. 
and the properties of the symbol “o”: 


sin sin tan = =sin sin (> -+-o (=)) 
~sin[S-h0(#) +0(S-40(4 
-= sin (+0 (2?) +0 (2?) 


= sin (+ + 0 (22)) = 5 40 (2%, 


)) | 


re 


2 
We have used here the fact that o ( poo (=) =: 0 (x?) 
and o (x?) -+ o (x?) =0 (2). 
Now we shall derive the asymptotic expansion of the 
denominator using the asymptotic formulas for the cosine 
and logarithm: 


In cos 3c = In (1 +0 ((32)%)] 
nin (14 (32+ 0009)) 
= (— 40 (2) +0( —=- +0 (2°) 
= — SF $0 (2%) +0 (0%) = —F + 0(2%). 
We have used here the fact that 
0 ((32)?2) =0 (27), 0 ( — ae +0 (22) } == 0 (x), 
0 (x2) +0 (2°) = 0 (2°). 


Thus the limit. is equal to 


4 , 0(x?) 
x? 9 Paes 9 
oy £9 (2) 2 r r* 
lim - = lim —9— 9 (r?) 
eae a + (x2) 879 yp Ge 
D gi 2 
ae x U : 5 == aa: 
De OO! } 
——-- lim Px: 
xl) 
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Here we have used the fact that according to the defini- 
tion of the symbol “o” lim —~ oe) —0. A 


— 


2. Calculate lim = ~ “"(a>0). 
vu 
A We set y=:x—a, and then we can write the 


limit as 


y>0 y y—>0 


Since a’ = 1-+ylna-+o(y), we have 


ling Sn lime In aro (y) 
y>o y>0 y 
oe eT 0 (y) £12) =a'lna. 
yro 4 
Thus, lim = * =a"lna. A 


J. eae tim sin (a Vn? +1). 


1-00 


A. Using the asymptotic formula V for z=1/n* and 
a=1/2, we obtain 


Vrpian (t+) an(t+5-7e+(z)) 


Hence 
sin (a V n? +1) =sin (nn + s—+0 (—)) 
= (— 1)" sin (z+0 (—)) 


° ° IU 
The sequence {(—1)"} is bounded and {sin (s+ 
0 ~))} is infinitesimal, and therefore the product of 
n 
these two sequences is an infinitely small sequence, 
Thus lim sin(x Vn?+1)=0. A 
7—> 00 
4. Calculate lim (cos z)°"*. 
x—+>0 
A This limit is an indeterminate form of type 4= 
e Vee cosx=1, limcot?x=0oo. We write (cos z)°H x 
+0 


x—>0 


sinc 
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in the form ecot* x-Incosx and calculate L=lim cot? z- In cos x. 


x—> () 
For that purpose, we write an asymptotic expansion 
for Incosz and sin?x as 2—>0: 
2 re 
In cos z =: In (1-4 +0 (2*)] = —-5 +0 (2*), 
sin? x = (x-+ 0 (x))* = x*-+ 0 (zx”). 
Using these relations, we find that 
2 
L=] ] a 
= lim cos? z- lim —~——_,—_- = — =. 
oO eg #0 (at) 2 
Thus the required limit is equal to e& = e-¥/2. ~& 


5. Calculate lim (ee 


N—> Oo 
A This limit is an indeterminate form of type 0°. 
: : 4 \tan(i/n) 
To calculate it, we write (—) the form 
etan(i/n)-In(i/n) and calculate L= lim (tan — x In =) : 
n 


NlN-—> CO 
We have 


L=lim | —Inn(—+0(=))] 


ee ee) 


4 
Sout MGS ae (—} 
= 0— lim ——. lim — 4 

n—> oo T-—> co 1 


n 


since lim 2" =0 (see 2.4) and lim 2€/") _ 9, 
no | : N—>00 1/n 


Thus L = 0, i.e. the required limit is equal to 1. A&A 


IV. Problems and Exercises for Independent Work 


23. Write the asymptotic expansion for the following 
functions, as z ~0Q, with the remainder of the form 
o (x*), where a > 0: 


(a) sin?(5/z), sin?(5Va+2) (x>0), (b) cos (42%), 
cos (4x2-1 z), 
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(c) e&, e2e+V¥e (20), (d) In(i—z), In'(1 —x*+ 2), 
(e) 352/27 a, 3— /27—2+V x (x > 0), (£) ae 


grit 


? 


(g) Incos2z, Incos(2a-+2%, (h) cos Vsinz, 
cosh V sinz (x >0), 
(i) 1n (e* +Y 2) (x > 0), (j) 5° *-cosV 1x1 


(k) V cos) 2 (x> 0), (1) coszcosz?—1. 

24. Write the asymptotic expansions for the functions, 
as xz —2, with the remainder of the form o (x — 2)*, 
where a >>0: (a) sin (ec—2)?, (b) (3—2)B, (c) In (@—4), 
(d) cos ("2s (e) tan (mz*), — (f) jx —i-— Vx — 1, 
(g) 2* — 

20. one asymptotic expansions for the functions, as 
x —»oo, with the remainder of the form o (1/zx%), where 
a > 0: 

(a) VW 2?+2—2, (b) ) Y#®+a—2, 

(©) V@FNETAIE+IETD—=, 

(d) sin (1/722), sinh (1/V/2), (@) cos (1/2), 

(f) 5!/*,  (g) Incos (2/z), Incosh (2/z), (h) el/Vx__ 4 
(x > 0). 

26. Write asymptotic formulas for sequences with 
the remainder of the form o(1/n%), where a>0: 
(a) /nitre—n, (b) 2e4+71@—2, (c) sin(1/Vn). 


27. Calculate each of the following limits: 


dia kn 
Mess) 


4—2cosz 


’ 


(a) lw [ee ee (b) fon 


x—>0 nal x>mt/3 
(c) lim (1—z) tan, 
x—>1 
usl,,... 2s. 


= 


(e) ‘im (Vi-a+22—Vi-z+2%), 


Vv cosz—}, cosz Inz—lna 
(f) Lim 1 S08 Sh ose (g) lim 


1-Vx 


Fo 1-x 
=) as z—>+0, x—> 1, L—> + OO, 


(h) lim (5 
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(i) lim | tan (++ x) |" 2 


x—->1/4+-0 


(j) lim (5) (a2 + b2 £0), 


x—> +00 
(k) lim (sinz)'™*, (1) lim n(cosh(ayn)-1), 
x—>m/ 2 N-* 00 


(m) lim ey (a>0,b>0). 


N-> CO 


28. Calculate each of the following limits: 


(a) lim Vater y tte yi tbe—1 (m, n€N), 


(b) lim eee (c) lim 1—V cosz 


<-> 0 1 1s x>+0 sim3 Yaz ” 
In cosh 2z . e** — eit 
(¢) rim jncosae * (@) lim Sy ea)—sing 
np cosh (s/n) \n* 
(f) limn(Ya—1) (a>0), (g) lim tS | costa 
3 
zr+2 x2 322-1 1-x 
(h) lim (5554). lim (fa=7) 


(i) ome: (sr) » (k) lim cos™ —<_ 
(1) lim (tan x)'*"?*, 

xs] 4 
29. Calculate each of the oe limits: 
(a) lim a aed J (b) lim = 


, Incos(m-2*) ’ 


In tan (7 ax} 


(a>0), 


(c) _ sin bz : 
xth =; 
(d) lim — (a>0), 
(c) lim cos (ze*) — (ze~*) ; (f) lim (cosh = —_— —1) ee 
x—>0 N00 


(g) tim n* sin (In / cos = =| : 


0) in [ (Br) +802] 


(i) limcos(xV.n?+n), (j) lim (x—Incosh 2). 
X—> 00 


TM—> CO 


30. Calculate each of the following limits: 


(a) sg (9/23 + 32? 13+ 322— V 22— 22), 


(b) Tim 2!/3[ (x 1)2°— (2 — 1), 
‘ 4—cos x cos 22 cos 3z 

(c) tim ———"sintaz SSS 

(d) lim(1— 2) log,2,  (e) lim = ~ (a > 0), 
x—> 1 


(f) lim n2(V/a—"tYa) (a — 
er {13 5 t fe 
, (bh) lim cece 


: In (e** +2 Vz) 
lim —————_ — 
(g) x++0 tan j/z x | rs 


i) Yim [cos (28 (=;)") J" 
(j) lim tan” Ee + (1 -|- ~)*] ; 


7-00 


(x) lim (sin = 4 cos =)" ; 
(1) lim si Sd (m) lim i Cao ia 


x-+too In (24-82%) ” x»—oo in (z4--c?%) ° 


Chapter 4 


Derivatives and Differentials 


4.14. The Derivative of a Function. 
Differentiation Rules 


I. Fundamental Concepts and Theorems 


1. Definition of the derivative. Let the function y = 
{ (xz) be defined in a neighbourhood of the point z,. The 


increment of this function at xz, is a function of the argu- 
ment Az: 


Ay =f (#0 -+ Ax) — f (2p). 


The divided difference au is also a function of the 
argument Az. 
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Definition. The derivative of the function y = f (x) at 

the point x, is the limit lim a (provided that it 
Ax->0 = 
exists). 

The derivative of the function y = f (x) at the point 
x, is designated as f’ (x) or y’ (x,). The operation of 
finding the derivative is differentiation. 

2. Table of derivatives of basic elementary functions 

I. (2*)" = ax%-! (a is any number). 

II. (sin z)’ = cosz. 

III. (cos x)’ = —sin z. 


’ 1 
IV. (log, x)" => 5 


V. (a*)’ =a* lna, in particular, (e*)’ =e*. 


, in particular, (In z)’ = * (x>0), 


VI. (tan 2)’ = — (2A f +n, n€Z). 
VII. (cot x)’ = — (x=én, nEZL). 
VIII. (aresin 2)! = — (—t<x<1). 
IX. (arceos 2)! = —— =a (—1<r1< 1). 
X. (arctan xz)’ = sa 

XI. (arccot x)’ = — a 


XII. (sinh x)’ = cosh x. 
XIII. (cosh x)’ = sinh z. 


XIV. (tanh z)’ = 


cosh? z ° 
4 
sinh2z 


XV. (coth z)’ = (x 40). 

3. Physical meaning of the derivative. The derivative 
{’ (to) is the rate of variation of the function y = f (z) 
at the point x, (in other words, the rate of variation of 
the dependent variable y relative to the variation of the 
independent variable x at z,). In particular, if z is time, 
y =f (x) is the coordinate of the point, which moves 
along a straight Jine, at the moment z, then f’ (x») is the 
instantaneous velocity of the point at the moment Zo. 

4. Geometrical meaning of the derivative. Consider 
the graph of the function y = f (x) (Fig. 1). The ‘points M@ 
and N have the following coordinates: M:(z 9, f (Zo): 
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N (xo + Az, f (% + Az)). We shall designate the angle 
between the secant MN and the z-axis as @ (Az). 
Definition. If there is a limit lim g (Az) = gq; 


Ax->0 
then the straight line 1, with the slope k = tan @,, which 


passes through the point M (2, f (%o)) is a tangent to the 
graph of the function y =f (x) at the point M. 

Theorem 1. Jf the function y =f (x) has a derivative 
f’ (to) at the point xo, then the graph of the function has 
a tangent at the point M (2, f (Zo)) and f’ (xp) is the slope 
of the tangent, i.e., the equation of the tangent line can be 
written in the form 


y —f (Zo) =f’ (Xo) (& — 2%). 
If the function y = f (xz) is continuous at z) and 


f (to Az) —f (to) _. 


fore, 
Az : 


lim 
Ax—0 
then we say that the function has an infinite derivative 
at x). In that case the tangent to the graph at the point M, 
is parallel to the y-axis and its equation is 7 = Zp. 
5. One-sided derivatives. If there is a limit 


lim f (tot Az) — f (Zo) ( lim f (xo + Ax) — f (Zn) 
Ax>+0 Ax Ax->-0 Az 


then it is called a right-hand (left-hand) derivative. of the 
function y — f (z) at the point z, and is designated as 
f’ (zo + 0) [f’ (xz) — 0)] respectively. 

If there are f’ (cx) + 0) and f’ (x, —0) and they are 
equal, then there is f’ (z,) and it is equal to f’ (z) + 0). 
Conversely, if there is f’ (z,), then there are f’ (x, + 0) 
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and j’ (xj — ), and in that case f’ (z, +0) =f’ (x, —0)= 
f' (Zo). 

6. Rules of differentiation 

Theorem 2. Jf u(x) and v (zx) have derivatives at the 
point x9, then the sum, the difference, the product and the 
quotient of these functions (the quotient under the condition 
that v (z%)) = 0) also have derivatives at the point x5, and 
the following equalities hold true at the point x,: 


(u+v)'=u'+0v', (u—v)'’=u—v’, 
, Fay _ ¢ 
(uv)’ =u’v+uv’, (=) = u v—Uv 


pa 

7. The derivative of the inverse function 

Theorem 3. Jf the function y =f (x) is strictly monoton- 
ic and continuous in a neighbourhocd of the point Xp, 
has a derivative at the point x, and f' (x,) 0, then there 
is an inverse function x = f-1(y) which is defined in a neigh- 
bourhood of the point Yo =f (2%) and has a derivative 
at the point y,; in that case 

({-* (Yo))’ = 1/f' (x0). (1) 

The physical interpretation of formula (1) is as fol- 
lows: the derivative (f-} (y,))’ is the rate of variation 
of the variable z relative to the variation of the variable y, 
and f° (%)) is the rate of variation of the variable y rela- 
tive to the variation of the variable z. It is clear that 
these quantities are mutually inverse. 

8. The derivative of a composite function 

Theorem 4. Jf the function t = »p (x) has a derivative 
(p’ (Lo) at the point x,y and the function y = (t) has 
a derivative wp’ (t)) at the point ty = (Pp (Xo), then the com- 
posite function y = w (q (x)) =f (7) has a_ derivative 


at 2X», and 
f’ (Zo) =P (P (Zo)) P (Zo). (2) 
The physical interpretation of formula (2) is the fol- 
Jowing: the derivative @’(x,) is the rate of variation of 
the variable ¢ relative to the variation of the variable z 
and the derivative 1p’ (f,) is the rale of variation of the 
variable y relative to the variation of the variable ¢. It 
is clear that the rate f’ (z,) of variation of the variable y 
relative to the variation of the variable z is equal to the 
product of the rates wp’ (t,) and q’ (z,). (If t moves k 
times as fast as x and y moves / times as fast as t, then 
y moves ki times as fast as 2.) 
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9. The derivative of a function defined parametrically. 
Assume that the functions 


x = (p(t) and y = » (t) (3) 


are defined on an interval of variation of the variable ¢ 
which we shall consider to be a parameter. Let the func- 
tion x—@ (t) be strictly monotonic on that interval. 
Then there is an inverse function ¢ = ~-t (x) and, sub- 
stituting this inverse function into the equation y = 
w(t), we obtain 


y= tp (p~ (z)) =f (2). 
Thus the variable y is a composite function of the vari- 
able x. The representation of the function y = f (z) by 
means of equations (3) is parametric. 

We can interpret equations (3) as the relationship be- 
tween the coordinates of a point moving on the zy-plane 
and time ¢. Interpreted in this way, the graph of the 
function y = f (x) is the path of the point. 

If the functions z =  (t) and y =» (t) have deriva- 
tives g’ (t) 0 and yw’ (t), then the function y = f (z) 
also has a derivative, and 

tony — ¥' () J 

PO) = Ory rmo1e2y” 4) 
Note that the existence of the derivative @ (¢) of a defi- 
nite sign is a sufficient condition for the strict monotoni- 
city of the function z = @ (t) and, consequently, for 
the existence of the function y = f (x) represented para- 
metrically. 

10. The derivative of a vector function. If every value 
of the variable t € JT (T is a number set) is associated 
with a vector r, then we say that a vector function r = 
r (t) is defined on the set Tf. 

Definition. The vector a is the limit of the vector func- 
tion r —x (t) at the point ty if lim |r (t#) —a| =O. 

t+ fa 

Definition. The derivative of the vector function 
cv =r (t) at the point t is the limit lim 5 (r (t + At) — 

t—> 
r (t)) (provided that it exists). 

The derivative of the vector function r (¢) is designa- 

ted as r’ (t). 


11. Physical meaning of a vector function and its deriv- 
ative. We can define the position of the point M in 
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—>- 
space by its three coordinates or by the vector r — OW, 
whose initial point coincides with the origin of coordi- 
nates and the terminal point with the point M (Fig. 2). If 
the point M moves, then the vector r varies with time tf. 
We can thus describe the movement of the point by the 
vector function r = r (¢), where ¢ varies on some interval 
[a, b]. The set of endpoints of the vectors r (¢) (where ¢ € 
[a, b]) is the path of movement of the point [it is also 
known as the hodograph of the vector function r = r (E)]. 


M(x (C), y(t),2z(Y) 


Fig. 2 Vig. 3 


The derivative r’ (t) is the vector of the instantaneous 
velocity of the point at the moment ¢. The vector r’ (t) 
is directed along the tangent to the path. 


If we designate the coordinates of the point M at the 
moment ¢ as x (t), y (t), 2 (¢) and the unit vectors of the 


coordinate axes as i, j,k then we can represent the vector 
function r =—r(t) in the form 
r = iz (t) + fy (t) + kz (t), 
and the derivative r’ (¢) in the form 
r’ (t) = ix’ (t) + iy’ () + ke’ (. 


Similarly, the movement of the point M on the zy- 
plane can be described by the vector function r = iz (t) + 


t). 

i x’ (t) is of a definite sign, say, x’ (t) > 0, then the 
path of the point M is the graph of the function y = f (z) 
defined by the parametric equations zt = xz (t) andy = 

t). 

: hs coordinates of the velocity vector r’ (¢) are x’ (t) 
and y’ (¢) and the tangent of the angle between the vector 
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r (¢) and the z-axis, i.e. the slope of the tangent to the 
graph of the function y = f (z), is y’ (t)/2’ (t) (Fig. 3). 
Then we have again obtained expression (4) for the de- 
rivative of the function defined parametrically. 

For x’? (t) + y’? (t) #0 the vector n (t) = {— y’ (2), 
x’ (t)} is the vector of the normal to the graph of the func- 
tion y = f (x) at the point M (z (é), y (2)), i.e. the direc- 
tion vector of the straight line passing through the 
point M at right angles to the tangent to the graph at that 
point (this straight line is known as a normal). 


II. Control Questions and Assignments 


1. What is the increment of the function y = f (z) at 
the point z,? 
2. On what argument does the divided difference ae 


depend? What is the domain of definition of the func- 
tion at} 

3. Give a definition of the derivative of the function 
y = f (xz) at the point Zp. 

4. Using the definition of the derivative, derive for- 
mulas for the derivatives of the functions x” (n is a nat- 
ural number), sin zx, cos x, log,z, a. 

5. What is the physical meaning of the derivative of 
the function y = f (z) at the point z,? What movement 
of a point is described by the equation y = U2 + Yy 
(x is time and v, and y, are constants)? 

6. What is the geometrical meaning of the derivative 
of the function y = f (x) at the point z,? Give a definition 
of the tangent to the graph of the function y = f (x) at 
the point (zy, f (z))) and write the equation of the tangent. 

7. When do we say that a function has an infinite deriv- 
ative at the point z,? Give an example of a function 
whose graph has a vertical tangent at some point. 

8. What are the one-sided derivatives of a function at 
a point? What isthe relation between the one-sided deriv- 
atives and the derivative of a function at a point? Give 
an example of a function which has one-sided derivatives 
at a point but has no derivative at that point. 

9. Derive formulas for the derivatives of the sum, the 
difference, the product and the quotient of two functions. 
Using them, derive formulas for the derivatives of the 
functions tan z, cot x, sinh xz, cosh xz, tanh z and coth z. 
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10. Formulate the theorem on the derivative of an in- 
verse function. What can you say of the derivative of an 
inverse function if all the conditions of the theorem are 
satisfied, except for the condition f’ (x,) “0 (i.e. the 
condition f’ (x) = 0 is satisfied)? Give an example of 
such a case. What is the physical interpretation of the 
formula for the derivative of an inverse function? Using 
this formula, derive formulas for the derivatives of in- 
verse trigonometric functions. 

11. Formulate the theorem on the derivative of a com- 
posite function. Is that theorem applicable to the function 
y = sin? (j/z”) at the point z = 0? Does the derivative 
of this function exist at the point x = 0? What is the 
physical interpretation of the derivative of a composite 
function? Using this formula, derive a formula for the 
derivative of the function z* (a is any number). 

12. What is the parametric definition of a function? 
Under what conditions docs formula (4) for the derivative 
of a function defined parametrically hold true? 

13. What is a vector function? Give definitions of a lim- 
it and of the derivative of a vector function. What is 
the physical meaning of a vector function and its deri- 
vative? 

14. Using the definition of the derivative of a vector 
a derive the formula r’ (¢) = iz’ (t) + jy’ (t) + 

Zz (t). 

15. What are the coordinates of the unit vector of the 
normal to the hodograph of the vector function r = 
ix (t) + jy (t) at the point M (z (t), y (t))? 


III. Worked Problems 


{. Using the definition of the derivative, find the de- 
rivative of the function y = x3 at the point x — 1. 

AWe find the increment of the function y — 2? at the 
point x= it: 


Ay = (1 + Az)? — 1 = 3Az +4 3 (Az)? + (Az)3. 
From this we obtain fu =3-+3Az+(Az)? and, conse- 


quently, y’ (1) = lim fu 3. A 
Ax+9 OF 


2. On the interval O <t< 1 compare the instanta- 
neous and average velocities of two points whose rectilinear 
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motions are defined by the equations s, = @? and s, = 
2t* (t > 0). 

A. We find the instantaneous velocities of the points at 
the moment #: v, (t) = s, (t) = 2t, UV, (t) = sj (t) = 883. 
From this we obtain v, (0) = v, (0), v, (1/2) = v, (4/2), 
v, (t) > v, (t) for O << t < 1/2, v, (t) < v, (t) for t > 1/2. 
The average velocity of the first point on the time 


Sq (1) — 52 (0) 
1 


interval OS t< 1 is yay= = 1. Similarly, 


Uy ay = BOAO) _ 9. Thus Vijay <Veay A 


3. Derive an equation of the tangent to the graph of 
the function y = cos z at the point with abscissa z = n/6. 


A We have zx =x/6, f (x) = cos (x/6) = V 3/2, 


f’ (to) = — sin (x/6) = — 1/2. Therefore the required 
equation of the tangent can be written in the form 
V3 1 A 
yap =z (2-F)- A 


4. Find the one-sided derivatives of the function f (x)= 
|x — x, | g (x) at the point z), where g (x) is a function 
continuous at the point x. Does the function f (x) pos- 
sess a derivative at the point 2? 

AFor Az >> 0 the increment of the function at the 
point z, has the form 


Ay = f (t + Ax) — f (20) 


= | 2 + Az — 2 | 8 (%) + Az) —0 
= g (Zo + Az) Az, 


whence fY — g(x) + Az). Since g(x) is continuous at 
the point z, we have lim Sb = g (a). Thus f’ (9+ 
Ax-—>-+0 

0)=¢ (Xp). 

Similarly, for Ax <0 we get Ay = — g (% + Az) Az, 
whence 

lim <2 = lim (—g (t+A2)) = —& (a), 
Ax-—>—-0 Ax—>-—0 

ie. f’ (to —0) = — (a). If g (to) #9, then f° (tp) + 


0) = f’ (xz — 0), and, hence, the function f (x) does not 
have a derivative at the point z,. Now if g (z,) = 0, then 
f' (tq +90) =f’ (tz —0) =O and, consequently, the 
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function f (x) possesses a derivative at the point z, and 
f’ (Zo) = QO. A 

o. Calculate the derivative of each of the following 
functions: 


z* sin x 


(a) y= inz (x>0, x1), 
(b) y = cos (2* — 2°) (—cw <x < oo). 


A(a) Using the rules of differentiation of the product 
and the quotient and the table of derivatives, we get 


(z2 sin z)’ In z—z? sin z (In 2)’ 


y' (x)= Ts 
(z2 cos z-+ 2z gin z) In z—2z? sin z= 
a ]n2 z 
= Ee cos spe enaineaesne (x>0, 264). 


(b) We can represent the function y = cos (2* — 2°) in 
the form y = cost, where ¢ = 2* — z°. Using the rule of 
differentiation of a composite function, we get 


y' () = (cos £)" | 9x _ 4s (2*— 2%)" 
= — sin (2*— x) (2* In2—3z7) (—co<2r<00). A 
6. Find the derivative y’ (x) of the function 
z*sin(1/xz) for z=40, 
y=| 9 for r=0 


and find whether y’ (z) is continuous at the point z = 0. 

AFor «0 the derivative y’ (z) can be found by 
differentiating the function z® sin (1/z) according to the 
rule of differentiation of a product. This yields 


y’ (x) = 2z sin (1/xz) — cos (1/z) (x #0). 


The expression obtained is not defined for z = 0. This 
does not mean, however, that y’ (0) does not exist since 
the expression for y’ (x) was obtained under the condition 
xz = 0. To find y’ (0), we use the definition of the deriva- 
tive. The increment Ay of the function y (x) at the point 
x =O is (Az)? sin (1/Azx) and therefore 
, Ay ‘ ae | ‘ ’ 
ie = ae Az sin Ar =9, i.e. y’ (0) =0. 


Thus y’ (z) exists at all points: 
y' (2) = | 2x sin (1/z)—cos(1/xz) for x40, 
0 for x<=0. 


To test y’ (x) for continuity at the point z=0O we 
consider lim y’ (x). It is clear that lim 2z sin (1/2) 


x0 ; x0 
=(0 but lim cos (1/z) does not exist. Therefore lim y’ (z) 


x—+Q > 
does not exist either. Thus y’ (z) is discontinuous at 
the point zs = 0 which is a point of discontinuity of the 
second kind of the function y’ (xz). A 

7. Prove that the equations z = cost, y=sint(0< 
t< nm) define parametrically the function y = f (2). 
Find the derivative f’ (x) of this function. 

A The function z = cost is strictly monotonic (decreas- 
ing) on the interval O< t<a and, consequently, has 
an inverse. Substituting this inverse function into the 
equation y = sin t, we get a function of theform y = f (2). 
In this case the inverse function is in explicit form: ¢ = 
arccos x and therefore, for f (x), we get an expression 
f (z) = sin (arccos z) (—~1<z<1). We can also write 
this function in the form f (rz) = V1 — 2z* (—_1<.z< 1) 
(explain why). Calculate the derivative f° (x) by two 
techniques: (a) using the explicit expression, (b) using 
the formula for the derivative of a function defined para- 
metrically. We have 

Os 


Of aaa eT (—1<r< 1), 


(b) f' (2) =Sag (FO, toém), 
Since cost= 2x, sint = VY 1—cos? i= VY 1—2? for0O<t<n, 
the second expression for f’ (x) yields the first: f’ (z) = 
— —=— (r~+1, or —1<2< 1). vA 

V1—22 

8. Prove that if the vector functions r, (¢) and ry (é) 
have derivatives, then the following formula holds true 
for the derivative of the scalar product (r, (¢) rz, (é)): 


(ry (t) re 4)’ = (ry (4) Pe () + 1 () & @). 


A Let ry (t) = ix, (t) + Jy, (é) + kz, (2), r, (t) = 
ir, (t) + Jye (t) +kz, (é). Then (r, (4) r, (¢))= 2, (¢) 2, (t)+ 
Yi (t) Yq (t) + 2; (£) 2 (t). We use the fact that if 
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r, (t) (j= 1, 2) has a derivative, then 7; (t), y; (t) and 3; (2) 
also have derivatives, and in that case rj; (t) = izq (4) + 
jy; (t) + kz; (t) (see Exercise 20). We obtain 


(ry (t) rp (t))° = 2; (£) Ze (4) + & (4) 23 (4) +1 (D ye (4) 
+ Ys (4) Yg (4) 4- 25 (2) 25 (t) + 2, (t) 25 (4) 
= {, (t) 7, (t) 4- y) (4) Yo (t) + 2; (4) 20 (4)} 
+ {xy (t) 25 (4) + ys (4) ys (t) +24 (8) 2; (4)} 
= (ri (4) re (4) + (i (2) ry (4). 


Iv. Problems and Exercises for Independent Work 


1. Write the expression for Ay = f (x, + Ax) — f (/) 
and find the domain of definition of the function Ay if 
(a) f (c) = arcsin xz, ry = 1/2, (b) f (x) = arccos z, 2%) = 
0, (c) f(z) =Inz, xz = 2, (d) f (x) =sinz, ry = 20. 

2. Using the definition of the derivative, find the 
derivative fof the following function: (a) yz at the 
point x=1, (b) y=? at the point r=2,, (c) 1 =Vur 
at the point z=4, (d) y=x|zx| at the point +=0, 


4—cosz 
(e) y= x eon te at the point z=0. 
0 for z=0 


3. The equations of the rectilinear motion of two 
points have the form (a) s,=t, ss= ¢? (t > 0), (b) s,=8, 
Sg = t (t>0), (c) s, = Int, s, = Vt (t>>1) (¢ is time, 
S,; and s, are the distances traversed by the first and 
the second point during the time 1). Compare the instan- 
taneous velocities of the two points and their average 
velocities on the time intervals O< tx 1 andi<t< 2 
for cases (a) and (b) and on the time intervals 1<t< 4 
and 1<,t< 25 for case (c). 

4, Set up an equation of the tangent to the graph of 
the function y = f (x) at the point with abscissa z, if 
(a) f (x) = sin z, 2% = 0, (b) f (t) = 2°, % = 1,(c) f (x)= 
Vx, t = 0, (d) f (x) = arctan z, z, = 1. 

9. Find the point of intersection of the tangents to 
the graph of the function y = f (x) at the points with 
abscissas z, and 2, if (a) f (x) = cosz, x, = n/6, zx, = 
m/2, (b) f (xz) = e*, z, = 0, x = 1, (c) f (z) = arcsin 2, 
zt) = 0, Le = 1/2. 

6. Set up equations of the tangents to the graph of 
the function y = Vz which pass through the point (2, 3/2). 
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7. Find the one-sided derivatives f’ (x) +0) and 
f’ (t» —9) and compare them if 


(a) f(t) = [2 |, % = 9, (b) f(z) = |2 |, z = 1, 
(c) f(t) = 2? sgnaz, tz =0, (d) f(z) = Vsin? z, 


V0, 
(e) f (x) = |z|sinz, x = 0, 


() f(z) =|e—F|oosz, xy =F 


2 9 
(g) f(z) = |x—1 |e*, z =1. 
Does the derivative f° (x9) exist in each case? 
8. Find y’ (z) if (a) y = 2’, (b) y = Va, (c) y = 4/2, 


(d) y = 272? — 3/Vx, (e) y = log.x® + logsx? (calcu- 
late y’ (1)), (f) y= 2* + (1/2)*, (g) y=sin zt —cosxz 
(calculate y’ (0) and y’ (x/4)), (h) y=tan zx — cot z, 
(i) y = arcsin x +- arccos x (explain the result obtained), 
(j) y = arctan x + arccot x (explain the result obtained). 

9. Prove that if u (x) and v (xz) have derivatives at the 
point x and u (x) > 0, then the function [wu (z)]?™ also 
has a derivative at the point z, and in that case we have 


[u (xO) = v (a) os (z)?O1u" (xz) + uu (2)? In u(z) v' (2). 
10. Find y’ (x) if (a >O in every case): 
(a) y= y=V2—a, y=r fr+t, 
(b) y= Vx 4+Va4+Vr, y = sin? (cos x) 4- cos? (sin x), 


tan xz cosx+tanx 
cot 2r ’ ya ’ 


(c) y=sin [sin (sin z)], y= 


(d) y=e*sinz, y=e*cos2z, y=e™ +2", 
1 z—a 


(e) y= or", y= In (In (In z)], a ee army, 


(f) y=In|]z], y=In(z+V2?+ a2), y=Insing, 
(g) y=sin (In z), y =arcsin— , y =—arctan—, 
1 


(h) y = arctan 7 (compare with the derivative of 


the function y = arctan z and explain the result obtained). 
(i) y=arccos(1/z), y=arcesin (sinz), y == arctan (tan 2), 
(j) y=sin (arcsin z), y=cot (arccot z), 


(ix) y =In— 224+ S arctan , y=5Ve—2+ 


In 


a* ee: 
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(l) y= ances = jn 4—f1—22 


ei cess =arctan VY x2—1— 
ye V 


_ In x 
poi 


(am) y= ee 4 Aan dF, yn (VIF R), 
(n) y=arctan(7+V1+22), y=(sinz)*, y= 
sinh (tan z), y= tanh (cos 2), 
(0) y=In(sinhz), y= log (coshz), y = arctan (tanh 2), 


y=I1n (coth >) . 

11. It is known ae (p (x), (x) and f (z) have deriv- 
atives. Find y’ (x) i 

(a) y=V TFG. 

(b) y = loggcs) p (x) (0 < g (@,) — (z) 4, (xz) > O), 

()y=f@)+f("*), (d)y =f (f ()). 

12. Use induction to prove that if f, (x), f, (x), ..., fn(2) 


n 
have derivatives at the point z, thon the sum pa fi (2) 


and the product f, (x) f, (x t)..- fa (“) also hae ene 
tives at the point z, and in that case we have 


(> hi @))' => filz)s (14 (2) fy (2). ~ fn (2))’ 
= 2 fx() ... fi (a) -.. fp (2). 


13. Prove that there is a rule of differentiation of the 
nth-order determinants: 


fis (2) ~~~ fan (2) |’ far (2) - ++ fan (2) 
fas (2) «+ fam (@) |= Dy | fis (2) «++ fin (2) 
a <a iN 6 ae ae AS Henn 
fat (x) .. ida (x) fas (2) ed an (x) 


14. Can we use the rule of differc:.tiation of the prod- 
uct of two functions u (xz) and v (v /) at the point z, if 
(a) u(z) =a, v (2) = 121% =" 
(b) uw (2) =a, v (a) = |e), % =!) 
(c) w(x) = sin 2, v (x) = sgn 2,2, =1; 
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(1) u(z) = 2", v (2) = sonz, x = 0, 
(e) u(z) = 2°, v(x) = | Se ee ae 
0) for «=O, 

Does the product wu (x) v (rz) have a derivative at the 
point 2) in each case? 

15. Iind oul whether each of the following statements 
is true: 

I. “If u (az) has a derivative at the point xz) and v (2) 
does not have a derivative at the point 2, then (a) y (2) + 
v(z) does not have a derivative at the point 2p, 
(b) uw (z)v (z) does not have a derivative at the point xy”. 

IL. “If w(x) and v (x) do not have derivatives at the 
Point 25, then (a) u (2) -+ v (2) does not have a derivative 
at the point zo, (b) u (2) v (z) does not have a derivative 
at the point 2z,’. 

(If the statement is not true, then give an appropriate 
example.) 

16. Find out whether the following statement is true: 
“Tf f (x) << g(x), then f' (x) < g’ (z)”. 

17. Derive formulas for the following sums: 


P,=1 + 27 4+ 32? +... 4 2"", 
Q, = 12? +4 224 3%? +...4 negt!, 


18. Depict the path of the point whose motion over the 
xy-plane is defined by the equations 

(a)z=t, y=, —w~<t< oo, 

(b) x =cos*t, y = sin®t, OS t< ow, 

(Cc) x =acost, y=b sint, OS ti<oo, 

(d) x =acosht, y=b sinh t, —w<t< ov, 

(e)z = a(t —sint), y =a (1 —cost), -wo<t<o, 

(ff) c=e', y=e®’, —eo <cti<o. 

In each case indicate the interval of variation of the 
Parameter ¢ on which the equations define the function 
y = f(z) and find the derivative of this function using 
formula (4). In cases (a), (b), (c), (d) and (f) express f (x) 
in explicit form and compare the explicit expression for 
f’ (x) with the expression obtained from formula (4). In 
cases, (c) and (d) derive an equation of the tangent and 
the normal to the curve at the point ¢ = 0. 

19. Let rv (¢) = iz (t) + jy (t) + kz (t) and a = ia, + 
ja. + ka, be constant vectors. Prove the following state- 


ment: “For lim r (¢) = a, it is necessary and sufficient 
t+ to 
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that lim z(t) =a,, lim y(t) =a,, lim z(t) = a,”. 
>t i-t 


t—>lo 0 +o 

20. Using the result obtained in the preceding problem, 
prove the following stalement: “For the vector function 
r (t) = ix (t) + jy (t) + kz(t) to» have a_ derivative 
r’ (t) at the point, it is necessary and sufficient that the 
scalar functions x (t), y (t) and z(t) have derivatives al 
the point ¢. In that case r’ (¢) = iz’ (t) + jy’ (t) + kz’ (t)”. 

21. Prove that the following rules of differentiation are 
true for vector functions: 


(1) +r =r O +, 
G@Mr@d)) =f Mr) + /() rv 
[r, (4) rp (4) = [ry () rv, (4)] + [ry (4) r, ), 
where [r, (¢) r, (t)] is the vector product of the vectors 
r, (£) and r, (t). 


22. The motion of a point in space is defined by the 
equations 

(a) zt=t, y=t, z=, t>0, 

(b) x= Reosi, y= Rsini, z=hi, t>0, RO, 
h > 0 (a helical curve), 

(C) 2S t, YS ty 2S Vy tS 0. 

(d)z=Int, y= 2/2, z= V2t, t>1. 

Find the modulus and the direction cosines of the veloc- 
ity vector at the moment (a) t = 2, (b) t = a, (c)t = 1, 
(d) ¢ = 2.5. 


4.2. The Differential of a Function 


I. Fundamental Concepts and Theorems 
1. Differentiability of a Function 
Definition. The function y =f (x) is differentiable at the 


point x, if its increment Ay = f (xt) + Ax) —f (x5) at 
that point can be represented as 


Ay = AAz + aAz, (1) 


where A is a number and @ is a function of the argument 
Ax infinitesimal and continuous at the point Az = 0 


(i.e. lim @ (Az) = a@ (0) = 0). 
Ax+0 
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Theorem 95. For the function y = f (x) to be differentiable 
at the point xo, it is necessary and sufficient for the deriva- 
tive f (X9) to exist. 

Note that in this case A = f’ (2p). 

The differential (or the first differential) of the function 
y =f (x) at point z, (differentiable at this point) is 
a function of the argument Az: dy = f’ (a) Az. 

For f’ (to) ~ 0 the differential is the principal (linear 
with respect to Ax) part of the increment of the function 
at the point Zp. 

The differential of the independent variable x is the 
increment of this variable: dz = Az. Thus the differenti- 


al of the function y = f (x) at the point x) has the form 
dy = f' (xp) dz, (2) 
whence we have 
’ d 
f (Xo) == ra ’ 


i.e. the derivative of the function y = f (x) at the point Zo 
is equal to the ratio of the differential of the function at this 
point to the differential of the independent variable. 

2. Geometrical and physical meaning of the differential. 
It is easy to see the geometrical meaning of the differential 
of a function from Fig. 4 which shows the graph of the 
function y = f (x) (heavy line) and the tangent MP to the 
graph at the point AT (25, f (2))). The differential dy is 
equal to the increment of the linear function whose graph 
is the tangent A7P. 

If xis time and y = f (x) is the coordinate of the point 
on the straight line at the moment z, then the differential 
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dy = f’ (x,) Az is equal lo the variation of the coordinate 
which the point would obtain during the time Az if the 
velocity of the point on the time interval [z,, x, -+ Az] 
were constant and equal to f’ (z,). The variation of the 
velocity on this interval leads to the fact that, in gener- 
al, Ay «dy. On small time intervals Az, however, the 
variation of velocity is negligible and Ay = dy = f'(z,)Az. 

3. The invariance of the form of the first differential. 
Assume that the argument x of the function y = f (z) 
differentiable at the point x, is not an independent vari- 
able but a function of some independent variable ?, i.e. x= 
(p (é), with zy = @ (to) and op (t) is differentiable at the 
point zt). Then, as before, the differential of the function 
y = f (z) has form (2): dy = f’ (z)) dz, but now dz is not 
an arbitrary increment of the argument x (as in the case 
when z is an independent variable) but the differential of the 
function z = @ (t) at the point ft), i.e. dr = q’ (ty) dt. 
This property [formula (2) is retained when xz = @ (t)] is 
the invariance of the form of the first differential. 

4. Using the differential for approximations. Since 
Ay =dy for small Az, i.e. f (zo + Az) —f (z,) = 
f’ (Zo) Az, it follows that 


f (fo + Ax) = f (&) 4- f’ (xo) Az. (3) 


This formula makes it possible to find approximate values 
of f (x) + Ax) for small Az when f (z,) and jf’ (z,) are 
known. The error caused by the replacement of f (x, + 
Az) by the right-hand side of formula (3) is the smaller 
the smaller Az is and, what is more, as Ax->0, this 
error is infinitesimal of the order of smallness higher 
than that of Az. 


II. Control Questions and Assignments 


1. Give a definition of the differentiability of a funce- 
tion at a given point. 

2. Prove the theorem on the relationship between the 
differentiability of a function at a point and the existence 
of the derivative at that point. 

3. What is the differential of a function at a given 
point? On what argument does it depend? 

4, Can the differential of a function at a point be a con- 
stant quantity? 
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5. For what functions is the differential equal to the 
increment of the function? Give examples. 

6. What is the geometrical meaning of the differential? 

7. What is the physical meaning of the differential? 

8. What is the invariance of the form of the first differ- 
ential? Prove that the form of the first differential is 
invariant. 

9. How can the differential of a function be used for 
approximations? 


Ill. Worked Problems 


1. Find the differential of the function y = 2? —zx +3 
at the point « = 2 in two ways: (a) by isolating the 
linear, with respect to Az, part of Ay, (b) by using for- 
mula (2). 

(a) Ay = f(2 + Az) —f (2) = [(2 + Ax)? — 2 + 
Az) 4- 3) — [22 —2 + 3] = 3 Ax + (Az)*®. It follows 
that dy = 3 As. 

(b) f’ (cz) = 2x — 1, f’ (2) =3. Consequently, from 
formula (2) we find that dy = 3 dz =3 Az. A - 

2. Find the differential of the function y = sin (z’): 


(a) at the point z = 2», (b) at the point z = V x, (c) at 
the point c= Yn for dr = — 2. 

A(a) According to formula (2) we have dy | x=x, = 
f° (to) dx = cos (2) 2z, dz. 

(b) Setting z=. in the last relation, we get 
dy eV = —2 Vn dz. 

(c) We have dy|,_yz =4/n. A 
dx=-2 

3. Replacing the increment of the function by its 
differential, find the approximate value of (a) V 0.98, 
(b) sin 34°. 

A (a) Let us consider the function y (z) = Vi+z2. 
Since y (0) =1, y (—0.02) = V0.98, y’ (®) =5Z (1 + 


x)-'/?, y" (0) =F we find from formula (3) that y = 
(—0.02) = y (0) + y’ (0) (—0.02) = 1—0.01 = 0.99. 


Thus Y 0.98 < 0.99. 
(b) Consider the function y = sin z. Since y (30°) = 


sin 30° = 1/2, y’ (30°) = cos 30° = V 3/2, and 1° = 
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27/360 (rad) & 0.0175 (rad), we find from formula (3) that 
sin 31? ty V3.2" 5151. 2 


IV. Problems and Exercises for Independent Work 


23. Express in form (1) the increment of the function 
(a) y = e* at the point c = 0, (b) y = sin z at the point 
x = 1/2, (c) y = arctan xz at the point z = 0. Write an 
expression for the function @ (Az). 

24. Find the increment and the differential of the 
function y = 2? — 2? +1 at the point z = 1 and cal- 
culate their values for (a) Az = 0.01, (b) Az = 0.1, 
(c) Ax = 1, (d) Ax = 38. 

295. The rectilinear motion of a point is defined by the 
equation s = 2#7 + ¢ + 1, where ¢ is in seconds and s 
in metres. Find the increment and the differential of the 
path s at the moment t = 1 s and compare them for 
(a) At = 0.1 s, (b) At = 0.2 s, (c) At = 15. 

26. Find the differential of the function y at the 
point zx if 

(a) y= Vx, (b) y=4/z, (c) y=In(z+V2+1), 


| . 
(d) y= In ay ’ (e) y =arcsin —, (ff) y= 


* arctan =, (g) y=ze®*, (h) y=xsinz+cosz. 

27. Find dy lx—0 and dy [aise if 

3 2 

(a) y= SS 4, (b) y= In (142), (0) y=er, 

(d) y=sin (mz/2), (e) y=cos (2/2). 

28. Construct the graph of the function y = In (1 -} z) 
and represent dy on the graph for (a) x = 0, dz = 1, 
(b) c= 1, dx =1, (c) r=1, dx = 2. 

29. Let y = sin z, where zt = cost. Which of the 
following equalities hold true: (a) dy|jons2 = 0, 
(b) dyliins2 = dz, (¢) dy|ions2 = —d?? 

30. Using formula (3) and choosing an appropriate 
value of 2), find the approximate values of (a) cos 151°, 
(b) arcsin 0.49, (c)slog 14, (d) j/1.01, (e) arctan 1.1, (e) e%2. 

31. Prove the approximate formula (for smal]1 zx) 


n/N |) nw zt 
/ a Th a+ Sar (a > 0). 


Using this formula, find the approximate values of 
(a) 79, (h) 7255, (c) 7/180. 
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4.3. Higher-Order Derivatives and 
Differentials 


IT. Fundamental Concepts and Theorems 


{. Definition of higher-order derivatives. If the de- 
rivative f (vz) of the function y =f (z) is defined in 
a neighbourhood of the point z, and has a derivative at 
this point, then the derivative of f’ (x) is the second deri- 
vative (or a second-order derivative) of the*function y = 
f (z) at the point z, and is denoted by one of the follow- 
ing symbols: f"" (x9), f@ (x), y’’ (Zo), y (Zp). 

The third derivative is defined as a derivative of the 
second derivative and so on. If the concept of the 
(n — 1)th derivative has been introduced and if the 
(n — 1)th derivative has a derivative at the point 2p, 
then the derivative is the mth derivative (or the nth- 
order derivative) of the function y = f (x) at the point x, 
and is designated as f(™ (x9) or y(” (zp). 

Thus higher-order derivatives can be found by mathe- 
matical induction from the formula 


y™ (x) = [y@-) (a)]’. 

A function which has an nth derivative at the point z, 
is said to be n times differentiable at that point. A function 
which has derivatives of all orders at x, is said to be 
infinitely differentiable at that point. 

The higher-order derivatives of the vector function 
r =r (é) can also be introduced by induction: 


r(™ (4) = [r@-) (Z)]’. 


If r(t) = iz (t) + jy (t) +kz(), then r™(t) = 
ix (t) + jy (t) + k2™ (é). 

If the function r =r (t) describes the motion of a 
point (é is time), then the second derivative r’(¢) is the 
acceleration at the moment 7. 

2. The main rules of calculating the nth derivatives. 

14. (ubvyM = uM + V™, 

2. Leibniz’s formula: 

7 
(uv) = > ( a wy), where uO =u, yO — p, 
i=0 


(")=aq50r Ol=4. 


i il(n—i)! ’ 
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3. Formulas for the nth derivatives of some functions: 

1. (x%)(") — ¢ (a — 1) ey x (a —nt 1) yan (x > 0, 
a” is any number). 

2. (a) — a* (In a)" (0 < a € 1), in particular, 
(e*)(") = e*, 

3. (sin zr) = sin (x +n >) 

4. (cos xz) = cos (z +n +). 


4. Differenfials of higher orders. Assume that z is an 
independent variable and the function y = f(z) is differ- 
entiable in a neighbourhood of the point z,. The first 
differential dy = f’ (x) dz is a function of two variables, 
x and dz. The second differential (*y of the function y = 
f (z) at the point z, is defined as the difierential of the 
function dy = f’ (x) dz at the point z, under the fol- 
lowing conditions: (1°) dy is regarded as a function of 
only the independent variable z (in other words, when we 
calculate the differential of f’ (z) dz we must calculate 
the differential of f’ (x) considering dz to be a constant 
factor), (2°) when the differential of f’ (x) is calculated, 
the increment of the independent variable x is considered 
to be equal to the initial increment of lhe argument, 
i.e. to the same value dz which appears as a factor in the 
expression dy = f’ (x) dz. 

Using this definition, we obtain 


d?y |axsy = d (dy) |x=x, =A [f' (Z)] |x=x, Ax 
= {[f' (z)]' xan, dz}dz = f” (1 (dz)?, 
or (writing (dz*) as dz), 
dy |eaeg =f” (wg) d2?. 


The differential of the arbitrary mth order of the func- 
tion y = f(z) is found by mathematical induction from 
the formula 

d™y = d (d”-"y) 


under the same two conditions as the differential of the 
second order. In that case, the formula 


A"Yy |xax, =f (to) dz" (dx" = (dz)") (1) 
holds true, whence we find that 
nr 

f™ (2) = ou (2) 
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[f x is not an independent variah!e but a function of 
some Variable ¢t, then formulas (1) and (2) become untrue 
noninvariance of the form of higher-order differentials). 
In particular, for n = 2 we have 


d?y = f’’ (x) dz? + jf’ (x) d*z. 


II. Control Questions and Assignments 


{. Give a definition of the second derivative of the 
function y = f(z) at the point 2p. 

9 Can the second derivative f’’ (x9) exist if the first 
derivative fj’ (t)) does not exist? 

3. Give an example of a function for which f'(z,) exists 
but f” (x9) does not exist. 

4. Give a definition of the nth derivative of the func- 
tion y = f(z) at the point Zp. 

5. The nth derivative of the function at the point 2, is 
known to exist. What can we say of the existence of lower- 
order derivatives at the point z, and in the neighbourhood 
of this point? 

6. Give a definition of the nth derivative of a vector 
function. What is the physical meaning of the second 
derivative of a vector function which describes the motion 
of a point? 

7. Use mathematical induction to prove the rule of 
finding the nth derivative of the sum and the difference 
of two functions. 

8. Derive Leibniz’s formula. 

9. Derive formulas for the mth derivatives of the 
functions r%, a*, sin x, cos z, Inz. 

10. Prove that if f (x) is n times differentiable, then 


d"™/ (az-+b 
Mies) =a" f(™ (t) |reax+o- 


41. Calculate the derivatives of the nth order (e*)™, 
(sin (82 + 2)\™, (V1 — a)™. 

12. Give a definition of the mth-order differential of 
function y =/(z) at the point Zp. 

43. Prove the validity of formula (1) for the nth- 
order differential in the case when zx is an independent 
variable. 

14. Does formula (1) hold true if z is a function of 
a variable #? For that case derive formulas for d®y and dy. 
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Prove that formula (1) remains true if 2 is a linear func- 
tion of the independent variable ¢, i.e. «z = at 4- D 
(a2 and 6b are numbers). 


III. Worked Problems 


1. Find yO? if y = z°e3*. 
A This function isa product of two functions z? and e**. 
Using Leibniz’s formula, we obtain 


(22e8*)(10) — a2 (e310 + (4) (22)! (0%) 


(29) ION... FENDER 


Since (z*)™ = 0 for n> 3, (e3*)) = e3*3*, it follows 
that 


(z?e%*)'9 — x%e3*310 4 10 .2703*39 4 45 -203*38 
= 3%e®* (32? + 20x + 30). A 


The example considered shows that it is most convenient 
to use Leibniz’s formula in the cases when one of the 
factors is a polynomial of a not high degree of p. In that 
case, all terms of Leibniz’s formula, beginning with 
(p + 2), are zero. 

2. Find the mth derivative of the function 
z?t 4 
z*—1° 

A. We can represent this function as y=1+—"_ 

2 (n) _ 
Therefore y() = 10) + (24 ) = ( : ae In its 


7? —4{ 


turn, — can be decomposed into partial fractions: 


Y= 


2 1 1 


—— 


ze—4{ ~ z—-1 -2x41° 
Consequently, 


yo = (— y(t)”. 


Let us successively calculate the first, the second and 
the third derivative of the function 


(=) =le—1)') = — 4+ (ey, 
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(Ar) = (— 1) (—2) @—19= (— 7-2 @— 


oA 


3 
(te)? = (= 1-21 (8) (t= (198-8! 
Then it is casy to prove by mathematical induction that 
(—1)" n! 


(e—t 


(tp) = (Hy al (ety = 


Similarly 


1 (nm) (— A)" nn! 
(zr) (v4 dyrtt 


Thus we have 
ny __ n 1 Bee Be 
y= (— 1) nt | ope Gd are |e A 


3. The function y = f (2) is defined parametrically by 
the equations x=acost, y = 4 sint, Omcmt<an. Find 
f” (a). 

7 We derive a formula for the second derivative of the 
function y = f(z) defined parametrically by the equa- 
tions r=  (t), y = p(L), considering the functions @p (t) 
and w(t) to be twice differentiable and ¢—p (t) # 0. 

Since the form of the first differential is invariant, 


df’ (x) =f” (2) dz, whence jf” (x) = si . Since f(z) = 


= 5 , it follows that df’ (x) = ( " )'dt. Taking into 
account that dr=q’ (t)d#, we obtain 
roe LY OY Ss | 

1) = (Sry) Ww haere 

— Por’ O—7' Ov 3 

— p'? (2) | fe 
Setting p —asint, gp =acost, p-! (x) = arccos (z/a) 
in this formula, we get 


=-1(x) ” 


” 4 1 
ie (ae asin? t |t=arccos(x/a) x? yr 
a ( 1 az 


a” 


In this example we can find an explicit expression for 
f(x): f(z) = Vae@—2® (—a <x <a). It stands to rea- 
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son that calculating f” (x), we gel an expression the 
same as that obtained using formula (3). A 

4. The motion of a point in space is defined by the 
equalions «= Receosi, y= AR sin t, z= hi?/2, 1>0. 
Vind the moduli of the vectors of the velocity and the 
acceleration at the moment ¢ = 1. 


A. By means of the vector function, we can define the 
motion by the equation 


r=iRcosi+ jR sint 4- khi?/2, t>0. 
By means of differentiation we find that 


r’ (ft) = —ik sint + jR cost -+ kht (velocity), 
r’(t) = —ifR cost — jR sin t + kh (acceleration). 


Hence we get |r’ (t)| = VR? + ht, |r’ (4)] = 
V R2+h?, |r’ (t)| = V R? +h? (the absolute value 
of the acceleration is constant). 

dS. Find the second :lifferential of the function y = 
cos 2z if (a) xz is an independent variable, (b) xz = @ (i), 
where 9 (t) is a twice differentiable function of the in- 
dependent variable t. 

A (a) d?y = y” (2) (da?) = —4 cos 2x (dz)*, 

(b) d’y = y" (x) (da)? + y' (2) dx 
— —4 cos (2¢ (t)) (g’ (t) dé)? — 2sin (2—( t)) (p” (t) (diy’ = 
— —2 [2 cos (2¢ (t)) p’? (t) + sin (2¢ (t)) 9" (I (dt). A 


IV. Problems and Exercises for Independent Work 


32. Find the derivatives of the indicated order: 
(a) (e-**)@, (b) (sin ax)@%, (c) (e"*), 


@) (2), (e) Fe) CB) Ce 

(a) (V2), (hy (ZEp) + ©) sin 2 
(j) (2° cos 5z)(5), 

(k) (5), 

(1) ( —_ ade 


(m) (ze**)@, (n) (In 3z)0. 
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33. Find y™ if 


(a) y= Vax+b, (b) y= Se (c) y=: sin? a, 


(ll) y==cos*z, (e) y=sinez, (f) y = cos? x, 
(g) y=sinaxrsinBz, (h) y=coseazcos pz, 
(i) y=asinaz, (j) y=2* cosaz, 

(k) y = (a2? br +c) e*, 

(dd) y=l aa (m) y=zsinhz, 


ax—b ' 
(n) y = 2* cosh 2, 
(0) y = doz" + aya" 4+... + Apt + a, (a; are 
numbers). 


34. Find f” (2) and f”(z) for the function from 
Exercise 18 defined parametrically. 

35. Express the derivatives of the inverse function 
x = f-'(y) up to the third order inclusive in terms of 
the derivatives of the function y = f (2). 

36. The motion of a point in space is defined by the 
equations from Exercise 22. Find the modulus and the 
direction cosines of the vector of acceleration at the 
indicated moments. 

37. Find the differentials of the indicated order if z is 
an independent variable: (a) d° (2°), (b) d*(/~z — 14), 
(c) d® (x In 2), (d) d? (x sin 2). 

38. Find d”y if (a) y = sinh az, (6) y = cosh (az), 
(c) y = 22 In z. 

39. In each of the following cases verify whether the 
function y (x) satisfies the corresponding equation (C; 
are arbitrary numbers): 

(a) y=C,sinkz + C,coskz, y” = k*y = 0, 

(b) y = Cye™ 4 C,0-", y” — kPy = 0, 

(c) y = e-** (C, cos Bx + Cy, sin B 2), y” + 2ay’ + 
(a? te B*) i O, 

(d) y= C,sinz + C, cos2 + Cye* + Cye*, yO — 


40. Find f™ (x,) if f (2) = ( — 2)" (x), where 
(p (c) has a continuous derivative of the order n — 1 at 
the point Zp. 

e-1/** for r= 0, 

0 forz=0 
is infinitely differentiable at the point x° = 0. 


414. Prove that the function f(z) =| 
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Chapter 9 


The Indefinite Integral 


5.4. The Antiderivative and 
the Indefinite Integral 


I. Fundamental Concepts and Theorems 


4. Definition of the antiderivative and of the indef- 
nite integral 

Definition. The function F (x) is an antiderivative of 
the function f (x) on the interval X if F’ (x) = f (xz) Vx € X. 

Theorem 1. /f /, (x) and Fy, (x) are two arbitrary anti- 
derivatives of f (x) on X, then F, (x) — F, (x) = const. 

Corollary. Jf F (x) is one of the antiderivaties of f (x) 
on X, then any other antiderivative @ (x) of the function 
f (x) on X has the form ® (x) = F (x) + C, where C is 
a constant. 

Definition. The set of all antiderivatives of the function 
f (z) on X is an indefinite integral of the function f (z) 


on the interval X and is designated as \ f (x) dz. 
By virtue of the corollary of Theorem 1, [ f (x) dz = 


F (xz) + C, where / (x) is one of the antiderivatives 
of f (x), and C is an arbitrary constant. 


(Sometimes the symbol \ f (@) dz denotes not the 


whole set of antiderivatives but any one of them.) 
2. Principal propertics of the indefinite integral 


1°. d { f (x) dz =f (2) dz. 


20, \ dF (x) = F (2) +C. 


3°, Linearity of an integral. If there are antiderivatives 
of the functions f (x) and g (z) and @ and f are any real 
numbers, then there is an antiderivative of the function 


af (xz) - Bg (x), and 
Flay (7) + Be (e))da=a { f(x) de+B Fg (2) de 
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II. Control Questions and Assignments 


{. Give a definition of an antiderivative of the func- 
tion f (z) on the interval X. 

2. Give examples of functions which have antideriva- 
tives. 

3. Give examples of two different antiderivatives of 
the function f (z). 

4, Does every function have an antiderivative? Con- 
sider the following example: 


1 for a>0, 
LY | —2 for t<0. 


5. Find an antiderivative of the function / (x) = sin z 
which assumes a value 10 at the point z = x/2. 

6. It is known that at the point z = 1 two antideriva- 
tives of the function f (2) = e* differ by 2. How much do 
these antiderivatives differ at the point z = 100? 

7. The graph of what antiderivative of the function 
{ (xz) = 1/(4 +- 2®) passes through the point with coordi- 
nates (1, 2s)? 


III. Worked Problems 


1. Prove that the function 


1 for <> 0, 
sgn 7 = 0 for z=0, 
—1 for x<0 


has an antiderivative on any interval which does not 
contain the point z = O and does not possess an antideriv- 
ative on any interval which contains the point x = 0. 

AOn any interval which does not contain the point 
x — 0 tlie function sgn x is constant. For instance, on 
the closed interval [1, 2] the function sgn z = 1 and any 
antiderivative of the function sgn z on this interval has 
the form F (x) = x + C, where C is a constant. 

Let us consider a closed interval which contains the 
point zx = 0, say, [—1, 3]. On the half-open interval 
[—1, 0) any antiderivative of the function sgn z has 
the form —z + C, and on the half-closed interval (0, 3] 
the antiderivative of sgn z is x + C,. For any choice of 
the arbitrary constan ts C, and C, we get on the interval 


8—N1632 113 


[—1, 3] a function which does not have an antiderivative 
at the point x = 0. If we choose C, = C,, we get a con- 
tinuous function y = |x |+C (C=C, =C,) which is 
not differentiable at the point z = O either. Thus the 
function sgn x does not have an antiderivative on the 
interval [—1, 3]. 

This example shows that the question concerning the 
existence of an antiderivative of a function is essentially 
connected with the interval on which the function is 
considered. A 

2. The problem of finding the law of the rectilinear 
motion of a particle using its velocity furnishes an im- 
portant example of an antiderivative. The instantaneous 
velocity uv (t) is a derivative of the function s(t) which 
defines the law of motion of a particle. Therefore, to 
find the function s(¢) using the given velocity v (t), we 
must find an antiderivative of the function v (t). Any 
antiderivative of u(t) has the form 


s(t) = \ v(t) dt-+C. 


Some additional conditions must be taken into account 
to find the constant C. Assume, for instance, that v (t) = 
a(t — ty) + Yo (motion with the acceleration a = const), 


= 2 
5 (tp) = So Then s(t) = SS" + vy (t — ty) + C. From 
the additional condition s (t)) = sy we find C = sy, and 
therefore 


s(t) = St 4 yy (t—t,) + 5p. 


5.2. Basic Indefinite Integrals 
{. Table of Fundamental Indefinite Integrals 


1. | Odr=C. 


yy. [tdz=2 +0, 


a+i 


in. Satde=aap te (eet). 
IV. ( Sain|2|+e (x 0). 
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hy : 4¢ 
V. \a*dz— 77 +€ (O< a1), | efde=e™ $C. 
VI. | sinda = —cos+C, 
VII. | coszdaz=sine+C. 


VIII. | 2 _tanz+C (cx AS +an, neZ): 


IX. | Sap = cote + (cso nn, nEZ). 

arcsin x-+C, 
X. n= | - | 

/i—x —arcecosz+C era 
XI a arctan z+C, 

, 44-22 ~ | —arccotz+C. 
XII. \ sam let Vxrr+t1|+C. 
dz 4 4 

x. | = “4 =F in| Fel +e. 
AIV. \ sinhzdz—coshz+C. 


XV. \ cosh zdz=sinhz+C. 


dz 
a dz 
XVII. \ are = oth e+C. 


II. Worked Problems 


The following integrals can be reduced to the tabular 
ones by means of an identity transformation of the ele- 
ment of integration: 


1. | ae= \ (V=+—=) dz = 22? 4 onic, 
2, \ (2t+4) wde=z \ (et +4)d (a+ 1) 

4 
8 


Jat arm Flot arr, 


gr 
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3. | te = | EE t= J (— tro) 
=—2+5ln|2]+¢. 
4. | tan? zdzr= | (1+ tan? xz) — 1] dz 
= \ — — 1) dz=tane—2+ C. 
- 2(2+5) 
: aa ~ (12) i 
_2{ [(:t+3) +3] 
(#43) 


=fr+sln|2 z+ 5|+C. 
6. | Vi—sin 2 dz 
— | V sin? 2—2sin xe0s «+ cos? x dz 
=| V Gin z—cos a) da 
= \ | cosx—sin x| dz 
= (sin z+ cos x)-sgn (cos x—sin 2) +C. 


‘JII. Problems and Exercises for Independent Work 
Find the following integrals: 


1. | (8-2) dz. 2. \ (1-)VaVe az. 
3. Aone Tidz. 4. |) S48 as. 


24 
oxtl __ sea 


joe 

5. | ae. 6. | tanbtzdz. 
| 
a 


Vite +Vi-w ee 
de. 8. \ 2 4.3*)2 de. 


Vi-+sin 2rdz. 10. \ (Qa —3)*9 de. 
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11. | S$ 42 [ dz 


V2—52 ° " ) 24322 ° 
dz dz 

13. \ 7S" 14. eat 
is. |=. 16. |S. 


5.3. The Method of a Change of Variable 


I. Fundamental Concepts and Theorems 


Theorem 2. Assume that the function x = @ (t) is defined 
and differentiable on the interval T and the interval X is 
its range. Let the function y = f (x) be defined on X and 
have an antiderivative F (x) on it. Then, on the interval T, 
the function F (q@ (t)) is an antiderivative of the function 


f (@ (t)) @ (é). 


It follows from Theorem 2 that 
\ F(@() 9 (t) dt =F (@() +6, (1) 


and since F (¢ (t)) +C=(F (2) +C) |x-euy = \ f(z) dx 
we can write reJation (1) in the form 


\ f (2) dz lrg) = \ f (p (t)) g’ (é) dt. (2) 


Relation (2) is known as the formula for a change 
of variable in an indefinite integral. 

If the function 2 = q(t) has an inverse t = 7! (2), 
then it follows from relation (2) that 


Fiade= (/@Me WMdtleorw 


This is the basic “working” formula used to evaluate the 
integral lf (x) dx by the method of a change of variable. 


x =(t) 


II. Control Questions and Assignments 


4. Write formula (2) for a change of variable in an 
indefinite integral. Under what conditions does this for- 
mula hold true? 


{17 


2. Under what condition does formula (2) yield formu- 
la (3)? 
3. We must find |/4— a?dx for —2<2< 2. Find 


whether a change of variable is admissible for this pur- 
pose in the following cases: (a)z = sint, — n/2< t<cn/2. 
(b)z = 2sint,OSCt< a/2, (c)z = 2sint, —n/2<St< 
n/2, (d) x= 2cost, OS t< n/2, (e) x = 2cost, TX 
t< 2n. 


III. Worked Problems 


We shall consider some techniques of calculating 
integrals by means of a change of variable. 

1°. An identity transformation of the element of inte- 
gration with an isolation of the differential of the new 
integration variable (the simplest change of variable). 


1. me =| 5 d (22) —ta(i—2%) 


Vi-w J View ~ ) yi 
=— 5 | (241724 (1-24) 


1 
= —5-2(1— 22+. 


1 V2, (_2 
9 (ade _ ae@) = | 4 V2 
ace” | erar~ 1a 
= YE | Ete 
3 [ dz = dz =| ~a(=) 
 EUETE NS aa (4) 


=—mn|t47/$41|+¢ @>0), 


4. \ nen j 20a te) In| InInz|+C. 


zJnzIinInz InIinz 


5. \ tanzdz= \ ee CO): —I]n|coszx|+C. 


COS Zz 
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\ dz = dz 
sin? zx+2cos?z ~ |} cos? z (tan? z+ 2) 
= tan z 
(Ba (Fe) 
ae i) 


2°, Some substitutions. 

1. J= \ 22 {—xdxz. We set t=(1—-2x)!* and then 
r=1—#3, dx= —3?2dt. We have 

T= | (1-0 ¢(—32) de=—3 ( A—epreae 


9 


oa 


=—3 | (#2042) dt=—3 (sr 
1 
I aa: P) +C, 
Where t = (1— x) 4/3, 


2,.I= { 2° (2—523)/3 dz. We set t=2—523 and 


then z= (—+)"", dt = — 1522 dz. We find that 
_ \ = (2-1) 42/3 ( ——) = = (2t2/3 — 15/3) diz 


es 3 45/3. 1, 3 48/3 
aa i ae 


where t = 2— 523. 
= sin x cos? x _ [ Saeco 
3. J = | Sheet a= ee da. 
We set t=1-+cos?z, whence we find that dt= 
—2coszsinzxdzx. This means that 


| t—1 t 1 
I=— 5) ; dt=—>+5In|t|+€, 


Where ¢=1- cos? z. 
3°. Integration of some irrational functions by tri- 
gonometric substitutions: 
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je ae | S- We set z=sint, —n/2acti< 


= x2)3/2 


n/2 and then dz=costdt. Consequently, 


i \ ——— =tant+C, where ¢=arcsin z. 


co 
Hf 
l= a Wesetx—atant, —n/2<i<n/2 


and then ie oe and therefore 
cos? t 


° z 
—sint-C, where ¢=arctan —. 
a 


Piss acos t dé 
a a? cos? t 


3. 1=| Sar We set x= 1/sint, —n/2<i<0 


(x2 — 1)8/2 pa 
and O<t<(x/2 and then dx = — — . Thus we have 
= \ “—cost at en \ sini dt 
_ ae { ae cos? t 
7 ( sin?t 
= \ S (cos) = —_ +C, where t= arcsin (=) ; 


IV. Problems and Exercises for Independent Work 


Evaluate the following integrals by isolatiifg the 
differential of the new variable: 


i Ore Vat / Ta de. 18. \ aS. 

19. irae 20). re ok 

ole \ aes AE | ze-** da. 

23. \= In dar. 24, | sin5 zoos x dz. 

25. |, yas dz. 26. \ a7. | a 
30. ta In ote dx. 


1— 1—z 


Evaluate the following integrals by using various sub- 
stitutions: 


3 (4 —572)10 dr _ ada _ 
31. | 29(1—Sa%)de. 32, | ES 
33. | cos® xVsinzdzx. 34. \ eye 
dz * arctanYz dz 
35. | a eer seam aa 
37. | Ve—2 dz. 38. y= (az = acos 2t). 
z2dz r  /zr—a a 
om Foc 0. \V sea (**= wen): 
dz ; dz 
41. = eon? or : ® —_——_—_—— ~~ 
\ VY z-ta2- ae V z?—a? 


5.4. Integration by Parts 


1. Fundamental Concepts and Theorems 
Theorem 3. Assume that on the interval X the functions 
(x) and v (x) are differentiable and there is v (x) uw’ (x) dx 
(i.e. the function v (x) u’ (x) has an antiderivative on X). 
Then \ u(x) v' (x) dx also exists on X and 


| u(2)v' (x) dx = u (x) v (2) — \ v (a) u’ (x) da. 

This relation is known as the formula for inlegration by 
parts. Since u’ (a) dz = du, v’ (v7) de = dv, we can 
write this formula as 


udu = u(r) v (7) — | v du. 

It is convenient to use integration by parts in the 
following cases. 

1. The element of integration contains one of the func- 
tions In z, In g (z), arcsin xz, arccos z, arctan z as a fac- 
tor. If we take one of these functions as u (x), then the 
element of integration v du of the new integral is usu- 
ally much simpler than the initial one. 
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2. The integrand function has the form P (z) e™, 
P (x) sin ax, P (x) cos az, where P (x) is a polynomial 
with respect to the variable z. If we take P (z) as u (2), 
then in the new integral the integrand is again of one of 
the indicated types but the degree of the polynomial is 
smaller by unity. By choosing this polynomial again as 
u(x), we lower the degree of the polynomial by unity 
again etc. 

3. The integrand function has the form e sin bz, 
e** cos bz, sin (In x), cos (In x) etc. After a two-fold 
integration by parts, we get the initial integral with 
a coefficient. The relation obtained is a linear algebraic 
equation with respect to the required integral. 


II. Control Questions and Assignments 


1. Write the formula for integration by parts for an 
indefinite integral. Under what conditions does this 
formula hold true? 

2. What functions are convenient for integration by 
parts? 


III. Worked Problems 


1./= | arctan edz, We set u=arctanz, dv=dz. 


ie dz 
l hen du = 773 v=2x. Consequently, 
; 1 d (1+ 2? 
[=z arctan r— | ee = xarctan £— > \ 


= x arctan 2 — ; In (1+ 2%) +C. 
a \ zze-* dz. We set l= x’, dv=e“dz. Then 
du=2zrdz, v= —e*. Hence 
-|-2 | — xze™* + } e*der] 


— — 72e-* — Qxe-* — 2e™* + C. 
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of = \ sin(Inz)dz. We set w=sinInz, dv=dr. 


Then du = + cos Inzdz, v=2z. We have 
T=xsinlnz — | cos In zdx= asin In x 


— ( x cos Inz+ \ sin In xdz:| 


We have obtained an equation 
[=x (sin In x—cos In x) — Tf, 


which is linear with respect to J, and find from it 
that 


J =z (sinInz—cos Inz)+C. 


= 
2 

dx 
dv=dzx. Then we have 


4. Ky= \ (w=1,2,...). We set u= 


Kam apae — 34 (apap) 


= x (x? 1 a?) — a? 
= Tapa 128 | Gepayert © 


ms 


_ x dz sie 
(x? + a2) * 2ct| | (x2 + a2) rer ae 


= ae + 20 [K, —a*K 44); 


whence 


We have got a recurrent formula by means of which we 
can express K,+, in terms of A,. For a = 1 the integral 
K, is “almost” a tabular integral: 


dz 4 2x 
K,= \ wig gee ao Cs 
Setting a = 1 in the recurrent formula and knowing K,, 
we can find A,. Setting a = 2 and knowing K,, we can 


find Kg and so on. 
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Remark. Using the change of variable and integration 
by parts, we can get the following much needed formulas: 


] 4 
| poor = paretan 2+C (a=40). 
dz 
(“=a )n|5 te +C (a=40). 
3. \oSe =+ In] ata | -LC. 
4. | ae = aresin =+€ (a> 0). 


Jaca Vxt?+a?|+C. 


=+tVertx+C 


(a > 0) 


z* 4+- a* dz= > VPie+ + in|o 
+V 2+ a |+4C. 


IV. Problems and Exercises for Independent Work 
Evaluate each of the following integrals: 


43. | Ina dz. 44, \ Vz Inte de. 45. | 2%e-** da. 


arcsin « 


Ao. en sin Qaida. 47. | aresin x du. 
48. | 


49. \ sin vIn (tan 2) da. 


x(arctan .xv)?dz. St. | ee Ge 
ny 4 


50. \ 
52. \V + adr. 53. | cos (In x) da. 
Jew 


54, sin bxdz. 950. \ e2* sin? x dz. 
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5.5. Integration of Rational Functions 


I. Fundamental Concepts and Theorems 


1. Decomposition of a rational fraction into the sum 
of partial fractions. Let us consider a rational function 
(or rational fraction) P, (z)/Qm (z). Here P, (x) and 
Qm (x) are polynomials of degrees 7 and m with respect 
to the variable z. 

If n> ™m, i.e. the fraction is improper, we can repre- 
sent it in the form 


Py (2) _n . Ry, (x) 

Om (ey Pom TO Gy 

or, as they say, isolate the integral part P,_,, (2) from it. 

As a result, the integration of an improper fraction re- 

duces to the integration of a proper fraction Ry (z)/Qm (2). 

Theorem 4. Assume that P,, (2)/Qm (z) is @ proper ratio- 

nal fraction (n< m) and the decomposition Qm (x) into 
the product of irreducible real factors has the form 


Om (x) =(x—a)® ... (e—b)" (22+ px + 9)” 
en eee rz+s)°, 


where a, ..., b are real roots and x* + pr-+q,...-, 
zx? + rx +s are quadratic trinomials irreducible into real 
factors. Then we have 


(it << m) 


Be = pie t ptt te 
te ert = 
. nee feta pet 
mer ere meee a (1) 


where A;, B;, M;, N;, K;, and L; are real numbers. 

The fractions which appear on the right-hand side of 
(1) are partial fractions and relation (1) is the decompo- 
sition of a proper rational fraction P,, (x)/Q, (x) into 
a sum of partial fractions with real coefficients. 

2. Integrability of partial fractions in terms of elemen- 
tary functions. Each of the partial fractions can be in- 


129 


tegrated in terms of elementary functions: 


(1) \ —_ dz=Aln|z—a|+C, 
B ee: { 
(2) \— a = = nae? +C (a> 1), 


M N’ M 
(3) | SEE de = Fin peta) 


-- = arctan =+C, 
p* ia 
2V I~ TE Vow 
\ Mzx+wN M 4 
YN a Se 
(4) | (+petae 20-4) (apanet 


+( —-P) Ka (a> 1), 
where 


_ { dé ae p P 
fem (12+ a2)™ ’ Ce py. Aas 
The integral K, can be found from the recurrent for- 
mula (see 5.4). 
_ 3. Techniques of decomposition of a proper fraction 
into a sum of partial fractions. 

Method of undetermined coefficients. We shall use the 
following exam le to get acquainted with this method. 
Os 
. . (z+ 1)(22 — 1)(z? +1) 
into a sum of partial fractions in accordance with Theo- 

rem 4 has the form 


The decomposition of the proper fraction 


ce et ee B Cz+D 
+l) Qe—h@ph ~ 2-1 * tet taeaT- 


Reducing to a common denominator and equating the 
numerators of the resulting fractions, we arrive at a re- 


lation 
x= A (2x — 1) (2? + 1) + B (a + 1) (2? +1) 
+ Cx (x + 1) (2a — 1) + D (x 4+ 1) (22 — 1). (2) 
Two polynomials are identically equal if and only if 


the coefficients in the same powers of x are equal. Equat- 
ing the coefficients to one another, we get a system of 
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equations for.A, B, C, and D: 
for x: -—A+B~ D= 
for a2: 2A+B—C+ D 
for x2: —A +B+C4+ 2D = 
for 2: 2A+B4+2C = 0. 


Solving this system, we find the coefficients A, B, C 
and D. 

Even in the example involving four undetermined co- 
efficients, such a general approach leads to a rather cum- 
bersome system. 

Using identity (2), we can find the required coefficients 
much easier: 

1 o 


(a) setting t= in (2), we get S=BS. , whence 


3 
B=, 

(b) setting x= —1 in (2), we get —1=—A-(—3)-2, 
whence A==> ; 

(c) setting x=—O in (2), we get O= —A+8B—D, 


1 
whence D=B—A=7 5: : 


(d) comparing the coefficients in 73, we get 0=2A-+ 
4 17/14 4 
B+2C, whence C= — = (24+ B)= —s (s+75) = 
3 
a5. 
Method of cancelling. Here is a useful technique used 
to calculate some undetermined coefficients. Assume that 


Pr(t) _—Pn(z) 
nC) Gaaetee: where 9 (a) 0, 


i.e. the real number a is a root of multiplicity @ of the 
polynomial Q, (2). 

In the decomposition of the fraction P,, (z)/Qm (2), 
the chain of partial fractions is associated with the 
multiple real root «=a: 

Aq Agq-1 


(e—a)* © (x—a)*7! 


+... oR, 


To find the coefficient A, in the leading power of 
the denominator, we must cancel (x—a)” in the deno- 
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_ Pal) 
(x—a)* @p (2) 
Pn (a) 
(p (a) 
This method is especially convenient when all the roots 
of the denominator are real and simple. Then this method 
is used to find all undetermined coefficients. For example, 


minator of the initial fraction and set zv-=a 


in the remaining fraction, i. ec. A, = 


xz+2 A B C D 
x (x—1) (x-+-14) ESSEC] aaa a aaa r+ + SIP 
_ t-2 ae 
A= (x ---1) (c@-+1)(@—2) |x--0 I, 
_ P12 _ 3 ; 
= G@eit 2) eae 


II. Control Questions and Assignments 


{. Is every rational fraction integrable in terms of 
elementary functions? 

2. Why do we use the test for integrability only for 
proper fractions? 

3. What does it mean “to isolate the integral part of 
an improper fraction’? 

4, Into what prime real factors can a polynomial with 
real coefficients be decomposed? 

o. The number 2 — i is known to be a root of a poly- 
nomial with real coefficients. Is it true that the number 
2 + iis a root of the same polynomial? 


6. ae what partial fractions can the fraction 
x 
(z-- 1)? (z*-4+-z-++1) 
7. What is the method of undetermined coefficients used 
for decomposing a fraction into a sum of partial fractions? 
8. What is the method of cancellation in computing 
undetermined coefficients? 
9. Use the method of cancellation to find the unde- 
termined coefficients in the decomposition of the frac- 
W 4 
(z-++ 2) (zx —3) 
10. Use the method of cancellation to find undeter- 
mined coefficients in the decomposition of the fraction 


@ Set z2=y and then the method of can- 


be decomposed? 


tion 


72 
(x? — 2) (x? +3) - 
cellation. 


128 


III. Problems and Exercises for Independent Work 


Find each of the following integrals: 


(z—2) (x5) 522+ br 
58. \ ( 7. sects) Ae. 59. \ atlas de. 
al ‘ee cory ee: on ore 
62.) 63. \ s 4. \ = — 
noe | tte , 66.) a 
67. | =e. 68. \ cr ae. 
69, [ae 70 \ as da 
71. { oe de, 72. | Sopp aw. 
73. \ 4 da. 


5.6. Integration of Irrational Functions 


I. Fundamental Rationalizing Substitutions 


Here and in the following sections we designate a ratio- 
nal function of two arguments 2 and y as & (2,4). 
1. Integration of linear actions) irrationalities. 


The integral of the form \R (=, =) da (74 


+) can be rationalized, i.e. reduced to an integral of 
a rational function, by means of the substitution 
"1 / ax+b 

cz-+d ° 
_2. Euler's substitutions. Integrals of the form 
| R (a, V av?+br+c)dz (a=£0) can be integrated in 


terms of elementary functions by means of Fuler’s 
substitutions which rationalize integrals of this form. 

If the quadratic trionomial a2* -|- ba +- c has complex 
roots (in that case the sign of a coincides with that of the 


t == 


9-01632 429 


trinomial which appears under the radical sign, i.e. a > 0) 
then we use the first Euler’s substitution: 


t=Vax?+br+c+2Va. 


Ifaz* + br + ¢ = a (x — 2) (x — 2), where x, and x, 
are real roots, then we use the second Euler’s substitution 
Lo rationalize the integral: 
Vax? bx-|-c 

L—X, 


fae 


3. Other techniques of integration of quadratic irratio- 
nalities. Although they play an important theoretical 
part, in practical applications Euler’s substitutions 
usually lead lo complicated computations and are there- 
fore only used when the integral cannot be calculated 
by any other, simpler, technique. One of the simpler 
tecnniques is the following. If we isolate a perfect square 
in the quadratic trinomial aa? 4- bx + ¢, i.e. reduce it 


o the form a (2 + =) + (c —z): and set 


= a fe 8 
st Y(t): 


4a 


then the integral | R (z, Vaz? + bx + c) dr reduces to 
tone of the following three forms: 


eR (t, VIRP) at, | Ra(t, YEA) at, 
\ R3(t, V 1+ 22) dt. 
Making the substitution t = sin wu in the first integral, 
1/t = sin win the second and ¢t = tan u in the third, we 


get integrals of the form | R (sin u, cos u) du (see 5.7). 
Two special cases must be pointed out. 
Pp (2) 
\“ax?+bz+e 
where P, (x) is a polynomial, there holds a formula 


Pr rae ey ear 
| ey ~ On) Vert tbere 


eae eee! 1) 
+4 | epee 


1. For an integral of the form | diz, 
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where Q,-, (2) isa polynomial of degree n — 1 and A is 
a number. To find the coefficients in Q,-_, (x) and the 
number 4, we differentiale identity (1). Reducing then to 
a common denominator, we get an equality of two poly- 
nomials. Comparing the coefficients in the same powers of z, 
we find the unknown coefficients. The integral which 
enters into the right-hand side of relation (1) can be 
calculated by the indicated technique by means of one of 
the trigonometric substitutions. 


2. An integral of the form | ee eee 

J («—B)™ )' az?-+br+e 
can be reduced to the preceding one by means of the 
substitution ¢ == 1/(z—). 


II. Control Questions and Assignments 


1. What substitution ralionalizes an integral of a lin-. 
ear fractional irrationality? 

2. Integrals of what form can be calculated by means 
of Euler’s substitutions? 

3. What is the theoretical part played by Euler’s 
substitutions? 

4. By means of what trigonometric substitutions can 
the following integrals be calculated: 


\ V 1—22 dz, | V 2—3 da, \ V 22+ 3 dz, 
| V—22+2de, | V2+2a— 2 dz? 


JIT. Worked Problems 


3 a aaa | 
a ee (Ys dz We set p= eH , whence 


z—1 r+1 = 

we find that de= — aT. Consequently, 
_ ek: Ce (1—t)? 

I= —3 | ee aaa aca 


ai 2t-+1 
3 arct = C, 
+Y arctan aE + 
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See ee 
STE VS 


Vv 2z-+41 —_ 
We set p= , and then V5 dti=2d2 and, hence, 
) 


= 


os dt 
— \ 
G | y be— 
N er ae de 
ow we set >= sinu, whence ——y = 0s wdu. There- 
fore 
y= _4 \ cos udu sin u 
5 ar 3 Sees 
(1 -e sin® uw} COS uU 
=—2|—sinedy 4 ‘ _d(cosu) 
5 8 = 3 cia 
eee, cos? u 3 cos? u 


5 8-+-} 3cosu 
y 8—y 3060S u 


si C, 


where u=arcsin The final result is 


eT’ 
=e In | Cot Bee ee ae 
V6. | (Q2+4+1)/2—-Y3(@2+2—1) 


dz 4 
(2—1)38 f 2?2432+14 xz—4 
t2 dt 
th ee 1 nd LS — t we 
en dz = a di a \ y SELB Nex 


use formula (4): 
oer __ dt = (At + B) V5@+5¢+14 
ep ttt qd 
+) \ Se 
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Differentiating this identity, we obtain 
12 —=—=——__ (At-+ B) (40#-45) 
/ 5t24-5t+-4 Yor+ cet it 2 °/ 582 4-5t-+1 
A 
ao i 5e+5e+1 


Reducing to a common denominator and comparing the 
coefficients in the same powers of ¢, we find that 


A=1/10, B= —3/20, 4= 11/40. Furthermore, 


j dt se a(e+z) 
Vert 75) (4k 
=T_ln ttt Prt s|+e, 


The final result is 


= (1 Bf + ot +4 
: (a0 iy) Far aee ae a In tt 


+V e+t+t|re, 


, Or 


Where t= 

z—i 

| a 
ie 


In 


ore 


(r+41) V5+42 eee 
err, 7 Sc i hs a ea ey 


x—i1 


IV. Problems and Exercises for Independent Work 


Find each of the following integrals: 


74, | —__“__— et dz. 
Tree yrtit fri 
76. | __=_—.._ 77. | 28 _ 

Ve (z—1)4 V+r+40 
7 es g. | Ve +e2r+2 
vs J (z441) /etfr4+1 © bi \ zr dz. 

23 dz 20 dr 
. Bt. 

oy. j Yi-2r—29 \ Vita’ 


133 


=. 8. |_ =. 
zi yf z*—1 
x?dz 
(4—Q2-+22) V212r—22 
dz 


({Q—24) Vi+22 


xazx 


(2+2+41)V22+2+1 - 


88. oo a | —=—. 
ety 2?+e+1 1+-V1—22— 2? 

g9, { ____@# sg. | © 32 
[zt+Yar(i+s)]? - (x24+41) Vxtt1 


7. \ (c+1) dz 
| (x? +41) dz 
(x?@—1) Vat +1” 
5.7. Integration of Trigonometric 
Functions 


I. Fundamental Rationalizing Substitutions 


An integral of the form |R (sin xz, cos x) dx can be 
rationalized by means of a universal trigonometric sub- 


stitution ¢ = tan (2/2). In practical applications, it 
often leads to cumbersome calculations. In a number of 


cases the following substitutions are more convenient: 

(a) ¢ = cos z, if R (—sin z, cos r) = —R (sin z, cos 2), 

(b) ¢ = sin z, if R (sin z, — cos z) = —R (sing, cos x): 

(c)¢ = tan z, if R (—sin z, —cos z) = R (sin z, cos x): 
II. Worked Problems 

1.j= 


cos’ x dz. The integrand function refers to 
case (b), and therefore we set t =sinz. Then dt = 


cos x dz, cost x = (1 — sin*x)? = (1 — 2*)* and 
2 1 
I= \ad—2 di=t—2P8+4+264+C, 
where ¢ = sin z. 
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2. J = \ sin 52coszdz. In this ‘case it is easier to 
calculate the integral without resorling to substitutions 


but representing the integrand as + (sin 4z + sin 6z). Then 


I i (sin 4x+sin Gz) dz = — + cos 42 —+ cos6r-+C. 
2 8 12 
3. J= \ asst Here we can make a univer- 
acosz-+bsinz 
sal substitution ‘Neale Then x=2arctan t, dr= 
pa | 
sees sin z= ——_, cos t= and then the inte- 


{fr TF 
gral J reduces to an 
It is easier, however, 


of the in tecrand 


integral of a rational function. 
to begin with the transformation 


{ { 
acosz-+bsinz §j/q2 1b sin(e+q) ’ 


, and then set 


where sin o= 


b 
1 008 0 Tare 


2dt fs at 
te » on aaa 2 aay Try and, 


an. 
V a+b? 
t = tan =re . Then dz= 


consequently, 


j=: —1__ \ al 
Vat+b2 t t=tan=? 


2 ae in | tan =FOl EC. 


III. Problems and Exercises for Independent Work 


Find each of the following integrals: 


93. \ sinfzdz. 94. j sin? xcos' zx dz. 
95. \ ons “dz. 96. \ tan’ z dz. 
97. 
eee tae Se: La ere 
99. \ cos zcos2zcos3xdz. 100. \ sin® 22 cos? 3r dx , 


dz 
2sinz—cosz+5 ° 
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Chapter 6 


Fundamental Theorems on Continuous 
and Differentiable Functions 


6.1. Theorems on the Boundedness of 
Continuous [Functions 


I. Fundamental Concepts and Theorems 


1. Definition of a bounded funelion. Let the function 
y =f (x) be defined on a set X. 

Definition. The function y =f (x) is bounded from 
above (from below) ona set X if J a number M (m) such 
sae Vic € X the inequality f (x)< M (f (x) > m) holds 
rue. 

The number Af (m) is the upper (lower) bound of the 
function on the set X. The function y = f (x) is bounded 
on the set X (or bounded from both sides) if it is bounded 
both from above and from below on this set. 

2. Theorems on the boundedness of continuous functions. 

Theorem 1 (on the local boundedness of a function conti- 
nuous at a point). If the function y = f (x) is continuous 
at a point x, then there is a neighbourhood of the point 2 
in which the function is bounded. 

Theorem 2 (on the constancy of sign of a continuous 
function). Jf the function y =f (x) is continuous at a 
point x, and f (x9) 0, then there is"a neighbourhood of the 
point xr, in which f (x) is of the same sign as f (zo). 

Theorem 3 (the first Weierstrass theorem). A function 
continugus on a closed interval is bounded on that interval. 

3. The least upper bound and the greatest lower bound 
of a function. 
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Definition. The number M is the least upper 
of the function y = f (x) on a set X if ee ease 

(1°) Vx € X the inequality f (c)< M holds true, 

(2°) VA’ < M Ax’ €X such that f (2°) > M’. 

Remark. Condition 1° signifies that the number / is one 
of the upper bounds of the function y = f (z) on the set X. 
Condition 2° signifies that MW is the least of the upper 
bounds of the function y = f (xz) on the set X, i.e. there 
is no number M’, smaller than M, which is an upper bound. 

The least upper bound of the function y = f (x) on the 
set X is designated as sup f (2). If the function y = f (z) is 

X 


unbounded from above on the set X, then we write 
ue f (xz) = +-oo. 
The greatest lower bound, inf f (2), is defined by analo- 
x 


s 


ey. The difference sup f (x) — inf f (x) is the oscillation 
X 


of the function y = f (x) on the set X. 

Theorem 4 (the second Weierstrass theorem). A funciion 
{ (x) continuous on the closed interval [a, 6] attains its 
least upper and greatest lower bounds on this interval, 


i.e. Jz’ and x" €[a, bl such that f(z’) = ae f (2), 
b 


a 
fe) = up f (2). 
If the function y = f (2) attains its least upper (greatest 


lower) bound on a set. X, then it has its maximum (mini- 
mum) value on X, and max f(z) = sup f (x) 
x 


[min f (x) = inf f (x) respectively], otherwise the function 
x x 


does not have a maximum (minimum) value on the set x. 


II. Control Questions and Assignments 


1. Give a definition of a function bounded from above 
(from below) on the set X. 

2. Using the rule of constructing negations of propo- 
sitions with quantifiers, formulate the definition of a func- 
tion unbounded from above (from below) on the set X. 

3. Prove that the definition of a bounded function is 
equivalent to the following definition: the function y = 
f (z) is bounded on a set X if Ja number A > 0 such that 
Wx €X the inequality | f(z) |< A holds true. 
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4. Formulate the definition of a function unbounded on 
the set X using the negation of the definition given in 
assignment 3. 

5. Formulate the theorem on the local boundedness of 
a continuous function. 

6. Prove that the theorem on the local boundedness of 
a function remains true if the condition of the continuity 
of the function at the point x, is replaced by the condi- 
tion of the existence of a limit lim f (z). 


X->Xp 

7. Formulate the theorem on the constancy of sign of 
a continuous function. 

8. The function f (z) is known to be continuous at the 
point zy and f (z)) = 0. Can we state that f (zr): (a) has 
a definite sign in a neighbourhood of the point z, (except 
for the point zy itself)? (b) does not have a definite sign in 
any neighbourhood of the point z,? 

9. Formulate the first Weierstrass theorem. 

10. Find out whether the following statement is true: 
“A function continuous on an interval is bounded on that 
interval”. 

41. Cana function unbounded on a set X be continu- 
ous on this set if: (a) X is a closed interval, (b) X is an open 
interval? 

12. Give a definition of the least upper bound and the 
greatest lower bound of a function. In what case do we 
set inf f (4) = —oo? 

x 


13. Find out whether the following statement is true: 
“A function bounded from above (from below) ona set X 
has the least upper (greatest lower) bound on this 
set”. 

14. Formulate the second Weierstrass theorem. 

{o. Find out whether the following statement is true: 
“A function continuous and bounded on an open interval 
attains its least upper and greatest lower bounds on that 
interval”. 

16. Find out whether the following statement is true: 
“If a function does not attain its least upper (greatest 
lower) bound on the closed interval {a, b], then it is 
discontinuous on this interval”. 

17. Find out whether the following statement is true: 
“A function discontinuous on the closed interval [a, b] 
does not attain its least upper and greatest, lower bounds 
on this interval”. 
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18. Find out whether each of the following statements 


is true: 
(a) “A function y = f (x) bounded on the closed inter- 


val [a, b] has max f(z) and min (f (z)”. 


(b) “A function continuous on the closed interval [a, b] 
has max f(x) and min f (z)”. 


[a, b] [a, b] 

19. Find out whether statements 18 are true if the 

closed interval [a, b] is replaced by the open interval 
(a, b). 


IlI. Worked Problems 


1. Prove that the function y= ae is bounded on 


the number line (—0oo, +00). 
A Since z2>>0, we have 4+ 2?>1 and, consequently, 
VxE€(— oo, +00) there hold inequalities 


1 
0< aye S!. (1) 


It follows that the function y= a is bounded on 


(— 00, +- 00). A 

2. Find the least upper and the greatest lower bound of 
the function given in Example 4 and find out whether it 
possesses 2 maximum and a minimum value. 


A It is clear that aaa —> 0 as x — oo, and there- 


fore this function can assume values arbitrarily close 
to zero. It is natural to assume that inf T= QO. 
00) 


(—0o, 
Let us prove this using the definition of the greatest 
lower bound. We must show that the following two 
conditions are fulfilled: 


(19) WzeE(—00, +00): apa 50, 


(2°) Vm >O4d x’ such that aa<m. 
Condition 1° is fulfilled by virtue of the left inequal- 
jty (1). We shall prove that condition 2° is also ful- 


filled. We specify an arbitrary m>0O. If m1, then 
: : 1 é 
the inequality (22 is fulfilled by virtue of (1) 
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for all xz’. Let m<1. Then + 1>0. We = take, 


as 2’, i number such that 2’ > Ve 1. Then 


Hoe ——1 whence 1422> = and, consequently, 
we < 2 and this is what we wished to prove. Thus 


inf =), 
(—00, +00) TF 


We can prove by analogy that sup 


1 _ 
(4a ee 
We take note now of the fact that the function 
1 
¥=—7 gr assumes a value of 1 (for —o but. does 


not assume a value of 0 for any z (= Ts > 0 Vz). 
Therefore a function has a maximum yalue 
(_ ee 4 hae er = = 1) on (—oo, + oo) but does not 


have a minimum value. A 


IV. Problems and Exercises for Independent Work 


1. Prove the boundedness of the function: 


(a) y= 7s on the half-open interval [0, + 00), 


(b) Y= on the number line (—0oo, +00), 


(c) y=asin + on (—co, +00), 

(d) y=arctan 2* on (—oo, +00), 

(e) y=ze™ on (0, 4-00). 

9. Find out whether the following functions are boun- 
ded: 

(a) y=? on [—9, 10], (bh) y =z? on [—9, +00), 

(c) y= 2 cos (1/x) on (—oo, +0), 

a(t) for cl, 
(d) v=| 0 for z=1 a 
(oe) y= 2/F-) on (0, 1). 
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3. Give an example of a function which, on a set X: 
(a) is bounded from above and unbounded from below, 
(b) is bounded from below and unbounded from above, (c) 
is unbounded both from above and from below. 

4. Let the function f (z) be defined on a set X and 
assume that Wz € X there is a neighbourhood in which 
f (x) is bounded. Does it follow that f («) is bounded on 
X if: (a) X is an open interval, (b) X is a closed interval? 

5. Give an example of a function f (x) which is conti- 
nuous and equal to zero at a point x, and: (a) is of a def- 
inite sign in a neighbourhood of the point 2» (except for 
the point 2, itself), (b) does not retain sign in any neigh- 
bourhood of the point 2. 

6. Give an example of a function which is continuous 
on an open interval but is not bounded on it: (a) from 
above, (b) from below, (c) from both sides. 

7. Give an example of a function defined on the inter- 
val [a, 6] but unbounded on it: (a) from above, (b) from 
helow, (c) from both sides. Can such a function be con- 
linuous on la, b]? 

8. Find the least upper and the greatest lower bound of 
the following functions: 

22. 

(a) f (x)= 1+? on (0, + oo), 

(b) f (z) = x? on [—5, 10], 

(c) f (c) = arctan 2* on (—o, +00), 

(d) f(r) = sina + coszx on [0, al, 

(e) f (x) = 2/-) on (0, 1). 

Does f(z) attain its least upper and greatest lower 
bounds on the indicated set? 

9. Give an example of a function f(z) which has 


(a) sup f (x) = + 0, (bd) inf f (2) —= — oo. 


10. Give an example of a function continuous and boun- 
ded on an open interval which (a) altains its limit 
superior but does not attain its limit inferior, (b) attains 
its limit inferior but does not attain its limit superior, 
(c) does not attain either the limit superior or the limit 
interior. 

41. Give an example of a function bounded on a closed 
interval which, on that interval, (a) allains its limit 
superior but does not attain its limit inferior, (b) attains 
its limit inferior but does not attain its limit superior, 
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(c) does not attain either the limit superior or the limit 
inferior. Can such a function be continuous on a closed 
interval? 

{2. Give an example of a function which has both the 
limil superior and the limit inferior on a sect X but does 
not possess either max or min. 

13.. Find the oscillations of the following functions: 

(a) f(r) = 2? on (—1, 2), 

Cb) f (ce) = sin (1/7) on (0, &), where & is an arbitrary 
num ber, 

(c) f (x) = 2 sin (1/2) on (0, 1), 

(d) f (2) = x [sin (1/z) | on (0, 1). 

14. We designate the greatest lower and the least upper 
bound of the function f (x) on a set X as m (fl and ™ If) 
respectively. Let f, (7) and f, (x) be defined and bounded 
on X. Prove that 


m fy + f.] >> m (fil + m [f.], M [fy + fol< 
M (f,) 4- A [f,l. 


Give examples of the functions f, (x) and f_ (x) for which, 
in the indicated relations, we have (a) the equality sign, 
(b) the inequality sign. 


6.¢. Uniform Continuity of a Function 


I. Fundamental Concepts and Theorems 


1. Definition of the uniform continuity of a function. 
Assume that a set X is an interval or consists of several 
intervals. 

Definition, The function f (x) is uniformly continuous on 
the set X if Ve >055 — 6 (e) + O such that Wr, 2’ €X; 
which satisfy the inequality |x —x' | <6 the inequality 
lf (a) —f (xz) |<e is satisfied. 

Remark. It follows from the definition that if a func- 
tion is uniformly continuous on a set X then it is con- 
tinuous on that set, i.e. continuous at its every point. 
The difference between the uniform continuity of a func- 
tion on asct X and the “ordinary” continuity on that 
sel (i.e. continuity at ils every point) is that when the 
continuity is uniform We>0O there isa “necessary” 
(such that is required by the definition) 6 (e) > 0 com- 
mon for all c € X (6 depends only on e and does not 
depend on x), whereas when the continuity is “ordinary”, 
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Ve >0 and Wz EX there is a “necessary” 6 (i.e. 6 de- 
pends both on ¢ and on z), but it may so happen that the 
“necessary” 6 (&) >>0O common for all x € X may not 
exist for some e. It is clear that in that case 6 varies 
with zx so that (for the indicated fixed values of &) it 
can assume arbitrarily small values. 

2. Geometrical illustration of the uniform continuity 
of a funelion. If f ¢c) is uniformly continuous on X, 


Xx. 
Fig. 9 


then We > 036 (ec) >0O such that a rectangle witlf 
sides 6 (e) and e, which are parallel to the Oz and Oy 
axes, can be displaced along the graph (the parallelism 
of the sides to the coordinate axes being retained) so that 
the graph will not cut the horizontal sides of the rectangle 
but. will cut its vertical sides (Fig. 5). 

3. Theorems on the uniform continuity of a function. 

Theorem 5 (Cantor’s theorem). A function continuous 
on a closed interval is uniformly continuous on that interval. 

Theorem 6 (a sufficient condition for the uniform con- 
tinuity of a function). Jf the function f (x) has a bounded 
derivative on an interval X, then f (x) is uniformly con- 
tinuous on that interval. 


II. Control Questions and Assignments 


4. Give a definition of the uniform continuity of 
a function. 

2. Using the quantifiers, formulate the negation of the 
uniform continuity of a function. 


"443 


8. Find out whether each of the following statements 
is true: 

(a) “If f (x) is continuous on a set X, then it is uni- 
formly continuous on that set”. 

(b) “IE f (x) is uniformly continuous on X, then it is 
continuous on X”. 

4, What is the geometrical illustration of the uniform 
continuity of a function? 

0. Formulate Cantor’s theorem. 

6. Find out whether the following statement is true: 
“A function which is continuous on an open interval is 
uniformly continuous on that interyal”. 

7. Formulate the theorem which expresses a sufficient 
condition for the uniform continuity of a function. 

8. Is the boundedness of a derivative the necessary 
condition for the uniform continuity of a function? 


III. Worked Problems 


1. Test the function y = z* for the uniform continuity 
on the interval (—/, 1), where l ~ 0 is any fixed number. 

A We shall prove that the function y = 2? is uniformly 
continuous on the interval (—/, 1) omploying three 
techniques: (1) using the definition of the uniform con- 
tinuily, (2) using Cantor’s theorem, (3) using the suf- 
ficient condition for the uniform continuity. 

ist technique. We set up a difference y (x,) — y (22): 


Y (2) — Jy (Ly) = xy == “9 = (x, a Zq) (2, — Ls): (1) 


If z,, rz, €(— 1, 1) then the absolute value of the sum 
| a, + x, | is bounded by the number 2l. Therefore the 
absolute value of the difference | y (z,) — y (2,) | will be 
arbitrarily small for any z,, z, € (— 4, 1) when the abso- 
Jute value of the difference | x, —, | is sufficiently small. 
These qualitative arguments show Uthat the function 
y = zx* is uniformly continuous on the interval (—l, /)- 

Let us use now more exact arguments employing the 
definition of the uniform continuity. We specify an arbit- 
rary € >O and sel 6 = e/(2l). Then Vz,, 2, € (—l, J), 
which satisfy the inequality | z, — z, | << 6, there holds 
an inequality 


ly (v1) — y (%) | = | ay — te [+] + ty. |< 6-21 =. 
\44 


And this means, according to the definition, that the 
function y = z? is uniformly continuous on the interval 
(—l, l). 

2nd technique. Let us consider the function y = 2? 
on the closed interval [—J, 1]. It is continuous on this 
interval and, consequently, according to Cantor’s theo- 
rem, is uniformly continuous on it. It follows that the 
function y = z* is uniformly continuous on the interval 
(—1, 1). Indeed, (—1, 1) c[—1, I], and since the inequali- 
ly |y (2) — y (42) |< is satisfied Vz,, z, €[—l, J], 
which satisfy the inequality | z, — z, | <6 (e), it is 
satisfied for any 2,, x, €(—l, 1) which satisfy the same 
inequality. 

3rd technique. The derivative y’ (x) = 2z is bounded 
on the interval (—l, 1): | y’ (z) |=2|z|< 2l. Accord- 
ing to Theorem 6, it follows from this that the function 
y = x is uniformly continuous on (—l, 1). A 

2. Test the function y = 2° for the uniform continuity 
on the entire number line. 

A It can be seen from expression (1) that if 2,, 7, € 
(—oo, + co), then, for an arbitrarily small absolute 
value of the difference | z, — x, | the absolute value of 
the difference | y (t,) — y (x,) | will not be small for 
sufficiently large xz, and x, because of the factor (2, ++ 2). 
This qualitative reasoning implies that the function 
y =x? is not uniformly continuous throughout the 
number line (—oco, -+ co). We shall prove this by 
using the negation of the definition of the uniform conti- 
nuity. We must prove that de > 0 such that V6 > 0 
Ax,, Le, which satisfy the inequality | x, — vt, | < 4, for 
which | Yy (2) — Y (Xo) |S. ; : 

We take e=1 and V6>0 set m=aats Taz. 
Then | 2,— 22 | = 6/2 <6, but then 


ly (ts)—-Y (Tq) | = | ty—2q | | 4p 1- Ze | 

i en ee 

=) ($+2)=! ag eee 
This proves that the function y = 2° is not uniformly 


continuous ON (—oo, + co). A 


IV. Problems and Exercises for Independent Work 


15. Using the definition of the uniform continuity and 
‘tg negation, prove that the function y = 1/z: (a) is 
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uniformly continuous on the half-open interval [1, +- oo), 
(b) is not uniformly continuous on the interval (0, -} oo) 

46. Give an example of a function which is continuous 
on some open interval but is not uniformly continuous 
on it. 

17. Prove the uniform continuity of the following 
functions using only the definition of the uniform con- 
tinuity [i.e. using the specified arbitrary ©, we choose 
the necessary 6 = 6 (e)]: (a) f (2) =Akr + b on (—oo, 
+ 00), k 0, (b) f (2) = 2° on (—3, 5), (c) f (2) = 
sin z on (—oo, + oo), (d) f (xz) =e on [0, 10]. 

18. Use any technique to test each of the following 
functions for the uniform continuity: (a) f (z) = Ina on 
(O, 1) and on (1, 2), (b) f (x) = sin (1/z) on (0, 1) and 
on (0.01, 1), (c) f (2) = arctan x on (—co, +00), 
(d) f (cz) = arcsin z on (—4, 1), (e) f (x) = V x on [0, +00). 

19. Prove. that the function fq is uni- 
formly continuous on the intervals /,=(—1<x1<0) 
and J,=(O<(x<11) but is not uniformly continuous 
on their sum /,+/,={0<|z|< 4}. 

20. Prove that if the function f (z) is uniformly con- 
tinuous on each of the closed intervals [a, c] and [c, 0], 
then it is uniformly continuous on the closed inter- 
val [a, dl]. 

21. (a) Prove that if the function f(x) is defined and 
continuous on the half-line [a, -++oo) and there is a 


limit lim f(x), then f(z) is uniformly continuous on 
x->-+00 


[a, +00). 

(b) Give an example of a function which is uniformly 
continuous on the half-line [a, +00) and for which 
the limit lim f(z) does not exist. 

x—+-+00 

22. Give an example of a function which possesses an 
unbounded derivative on the set X but is uniformly 
continuous on that set. 

23. Prove that a function which is uniformly continu- 
ous on an open interval is bounded on that interval. Is 
the converse statement true? 

24. Prove that the sum and the product of two func- 
tions uniformly continuous on an open interval are uni- 
formly continuous on that interval. 

25. The modulus of continuity of the function /f (z) on 
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the interval (a, b) (a and 6 may be equal to —oo and +.00 
respectively) is the following function of the agru- 


ment 6 (6 > 0): 
w, (6) = = sup | f (x) —f (%2) | 


Xz, X2E(a, 0 
[x1 —xo1<6 


(if | f(z.) —f (xo) | is an unbounded function for 
{| 2, — 2. |< 6, 21, tT E (a, b)}, then we write o, (6) = 

(a) Prove that for the function f (z) to be uniformly 
continuous on the interval (a, b), it is necessary and 
sufficient that lim  ,; (6) = 0. 


60 

(b) Give an example of a function f (x), z € (a, 6), for 
Which w, (6) = +00. 

26. Assume that the function f (zx) is continuous on 
the set X, i.e. continuous at every point z € X. Then 
Ve>0O and VerE€ X 35=—6(e, x) >O0 such that 
the inequality | 2’ — az |< 5 (e, z) (x’ €X) implies an 
inequality | f(z’) — f(z) |<. Prove that for the 
function f (x) to be uniformly continuous on the set X, 
it is necessary and sufficient that int d(e, z) >0 


(Ve > 0). 


6.3. Some Theorems on Differentiable 
Functions 


I. Fundamental Concepts and Theorems 


1. Increase of a function at a point 

Definition. The function f (x) is said to be increasing at 
a point x, if there is a neighbourhood of the point x, in 
which f (x) > f (x9) for x > Zo, f (2) <f (Xo) for x < Zp. 

A decrease of a function at a point can be defined, by 
analogy. 

Theorem 7 (a sufficient condition for an increase of a 
function at a point). Jf the function f (x) is differentiable 
at a point 29 and f' (2%) >O (f' (%) <0), then f (z) 
increases (decreases) at the point zy. 

2. Theorems on an increase and decrease of a function 
on an interval 

Definition. We say that the function f (x) increases (not 
decreases) on an interval X if Vx,, 2, € X the condition 
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r,<x, implies an inequality f (x,)< f(z.) Uf (m)< 
f(z.) respectively]. 

A decrease (nonincrease) of a function on an interval 
can be defined by analogy. 

Theorem 8. For the function f (x) differentiable on an in- 
terval X not to decrease (not to increase) on that interval, 
it is necessary and sufficient that Vx € X the inequality 
fi (x) > 0 (f' (x) < 0) be satisfied. 

Theorem 9 (a sufficient condition for strict monotoni- 
city of a funetion). Jf f’ (x) >0 (f’ (xz) <0) Wr EN, 
then f (x) increases (decreases) on the interval X. 

3. Theorems of Rolle, Lagrange and Cauchy 

Theorem 10 (Rolle’s theorem). Let the function f (2) 
satisfy the following conditions: 

(1°) f (x) is continuous on [a, 5b], 

(2°) f (a) is differentiable in (a, b), 

(3%) f(a) =f (d). 

Then there is a point c € (a, b) such that f’ (c) = 0. 

Physical meaning of Rolle’s theorem. Assume that 
xz is time and f (x) is the coordinate of a point, which 
moves along a straight line at the moment z. At the ini- 
tial moment x =a the point has a coordinate f (a), 
then moves in a certain way with velocity f’ (x) and re- 
turns to the point with the coordinate f (a) at the mo- 
ment x = O[f (b) =f (a)]. It is clear that to return to 
the point f (a), it must stop at a certain moment (before 
“turning back”), i.e. at a certain moment x = c the 
velocity f° (c) = 0. 

Geometrical meaning of Rolle’s theorem. There 
is a point ¢ € (a, 6) such that a tangent to the graph of 
the function y = f (zx) at the point (c, f (c)) is parallel 
to the z-axis. 

Theorem 11 (Lagrange’s theorem). Let the function 
f(x) satisfy the following conditions: 

(1°) { (2) is continuous on [a, 5], 

(2°) f (x) is differentiable in (a, b). 

Then there is a point c € (a, b) such that 


f()—-f@ =f () (b — 4. (1) 


Formula (1) is known as Lagrange’s formul (or the 
first mean value theorem). 

Physical meaning of Lagrange’s theorem. Assume 
that x is time and f (x) is the coordinate of a point, which 
moves along a straight line at the moment zx. We write 
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Lagrange’s formula in the form 


{ (0) —f (a) = f’ (c). 


b—a 


The quantity on the left-hand side of the relation is, 
evidently, the average velocity of movement of the 
point along the straight line during the time interval from 
a to b. Lagrange’s formula shows that there is a moment 
x —c at which the instantaneous velocity is equal to 
the average velocity on the time interval [a, )]. 
Geometrical meaning of Lagrange’s theorem. The 


num ber Lt) He) is the slope of the straight line 


which passes through the endpoints of the graph of the 
function y = f (z), i.e. through the points (a, f (a)) and 
(b, f (b)), and f’ (c) is the slope of the tangent to the 
graph at the point (c, f (c)). Lagrange’s formula shows 
that the Langent to the graph at a point (c, f (c)) is parallel 
to the straight line which passes through the endpoints of 
the graph (or coincides with it). 

Theorem 12 (Cauchy’s theorem). Let the functions f (z) 
and g(x) satisfy the following conditions: 

(1°) f (2) and g(x) are continuous on [a, OI, 

(2°) { (x) and g (x) are differentiable in (a, b), 

(3°) g’ (x) #0 Vr € (a, 4). 


Then there is a point ¢ € (a, b) such that 


f(b) — f (a) = f’ (c) (2) 
g (b) —g (a) g’ (ec) ° 


Formula (2) is known as Cauchy’s formula. 


II. Control Questions and Assignments 


{. Give a definition of an increase (decrease) of a func- 
lion at a point. 

2. Formulate the theorem on asufficient condition for 
an increase of a function at a point. 

3. Find out whether each of the following statements 
is true: 

(a) “If a function increases at a point zy, then it 
has a positive derivative at that point”. 

(b) “If the function f (x) differentiable at a point Zo 
increases at that point, then f’ (2) > 0”. 
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4. Formulate the theorem on a necessary and sufficient 
condition for the monotonicity of a differentiable func- 
tion on an interval. 

Oo. Formulate the theorem on a sufficient condition for 
the strict monotonicity of a differentiable function on an 
interval. 

6. Find out whether the following statement is true: 
“If the function f(z) differentiable on an interval X 
increases on that interval, then f’ (xz) >0O Vz € X”. 

7. Let the function f (x) be defined in a neighbourhood 
of every point of the set X. Find out whether each of the 
following statements is true: | 

(a) “If f (x) increases on the set X, then it increases 
at every point z, € X”. 

(b) “If f(z) increases at every point x, € X, then 
it aaa on the set X”. (Consider the function f (z) = 
— 1/z.) 

8. Formulate Rolle’s theorem. 

9. Will Rolle’s theorem remain true if we omit one of 
the following conditions: (a) f (a) = f(b), (b) f(z) is 
opens on la, bj]? Give the corresponding exam- 
ples. 

10. Formulate Lagrange’s theorem. 

11. Formulate Cauchy’s theorem. 


III. Worked Problems 


1. Find the intervals of monotonicity of the function 
f (x) = 32 — 2. 

A We have f' (z) = 3 — 327? = 3 (1 — x*). Since 
f’ (z) > 0 for x € (— 4, 1), f’ (z) <0 for x E€ (— ow, —1) 
and x € (1, oo), it follows that the function f (x) = 3z — 
x® increases on the interval (— 1, 1) and decreases on the 
half-lines (— 00, —1) and (1, + oo); we can also state 
that f (x) increases on the closed interval [—1, 4] and 
decreases on the half-lines (—oo, — 1] and [1, + 0). A 

2. Prove that the function 


z+ x*sin(2/xz) for «0, 


for x=0 


increases at the point z = O but does not increase on any 
interval (— e, €) (e >O is an arbitrary number). 


150 


A We have 


1+ 2x sin (2/z)—2cos(2/z) for x0, 
I") =| 


for x=0 


(see Example 6 in 4.1 for the calculation of f’ (0)). 

Since f’ (0) = 1>0, it follows, according to Theo- 
rem 7, that the function f (z) increases at the point z = 0. 

If the function f (x) were increasing on an interval 
(— e, &), then according to Theorem 8, the condition 
f’ (x) > 0 would be satisfied Vz € (— é, &). We shall show 
that this is not so. We set x, = 41/(mn) (n is a natural 
number). It is evident that Ve>>0O dn such that 
{/(nn) <e, ie. xz, €(— &, &). Substituting z= 2, = 
{/(mn) into the expression for f’ (xz) when zx = 0, we get 
f’ (zn) = —1<0. This proves that the function f (z) 
is not increasing on any interval (—e, &). A 

3. Let the function f (z) satisfy the following condi- 
tions: (1) f (z) possesses a continuous derivative on [a, )], 
(2) f (x) possesses a second derivative in (a, b), (3) f (a) = 
f’ (a) = 0, f (b) = 0. Prove that there is a point c € (a, b) 
such that f” (c) = 0. 

A All conditions of Rolle’s theorem are evidently 
satisfied for the function f (x) on the closed interval 
{a, b]. Therefore there is a point d € (a, b) such that 
f' (@) =0. 

We consider the function f’ (z) on the interval [a, dl. 
We have (41) f’ (z) is continuous on [a, d], (2) f’ (z) 
possesses a derivative (f' (t))) =f" (z) in (a, a), 
(3) f’ (a) =f’ () =0. By virtue of Rolle’s theorem, 
there is a point c € (a, d) [and, consequently, c¢ € (a, b)] 
such that (f' (z))’ |xxc =f" (c) = 0. A 

4, Prove that |cosz —cosy |< |x —y|Vz, y. 

A. From Lagrange’s formula we have 


cos x — cosy = sin E+ (x — y), 


where & is a point from the interval (z, y). Since | sin §€ |< 
1, it follows that |cosx7—cosy |< |x—y|. A 
5. Assume that the functions f (7) and g (x) are defined 
and differentiable for x S>2,, and f (%)) = g (%), f° (z) > 
pg’ (x) for x > 2. Prove that f (7) > g (xz) for r> Zp. 
A Let us consider a function (7) = f (x) — g (z) on 
an arbitrary closed interval [z,, z](z > 2). From 
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Lagrange’s formula we have 


P (z) — @ (2%) = @ (E) (@ — 2), (3) 
where € is a point from the interval (z,, x). Since 
P (Xo) =f (Xo) — & (Zo) = 9, 
p (§)=f (6) -—ge (6) >0, r—x > 0, 


we find, from relation (3), that  (z) > 0, i.e. f (x) — 
g (x) > O for z > 2z,. Thus f (z) > g (x) forz> 2). A 


IV. Problems and Exercises for Independent Work 


27. Find the intervals of monotonicity of the fol- 
lowing functions: 


(a) iil gl (a> 0), (b) f (xz) = 23 4-322+ 32 
() f@=qe, @ f(2)=atsine, 


(e) f(z)=2z+2sinz, (f) f(z) =sin (x/z), 

(g) f(x) =2x?2-, (h) f(z) =2"e* (n>0, x0). 

28. Prove that if a function increases at every point 
of an open interval, then it increases on that interval. 
Will the statement remain true if we replace the inter- 
val by an arbitrary set? 

29. Let the function f (x) satisfy the following condi- 
tions: (1) f (z) has a continuous (m — 1)th derivative on 
[z5, Xn], (2) f(z) has an nth derivative in (or jon 


(3) f (to) = f (@)=... =f (tn), where z,<2,.. 
Prove that there is a : point E € (2%, Z,) such that a) @ ae 
0. 


30. Using Rolle’s theorem, prove that if all the roots 
of the polynomial 


P,, (2) =aor" +a,z"'!+... +a, (a) 0) 


with real coefficients a, (k=O, 1,...,m) are real, 
then its derivatives P» (x), Pn(z),..., Pi" (x) also 
have only real roots. 

31. Prove that all the roots of Legendre’s puly- 
nomial 


1 a® n 
P, (2) =say Gow {(2?— 1)" 
are real and lie in the interval (—1, 1). 
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32. Find a point c in the first mean value formula (1) 
for the function 


0.5(3—a?) for Om@r<i, 
Le) 1/x for 1< x< +0 
on the interval [0, 2]. 
33. Using Lagrange’s formula, prove the validity of 
the following inequalities: 
(a) |sinc—siny|<|z—y| Vz, y, : 
(b) | arctanz—arctany|<|x—y| Vz, y, 
(c) stein ca for OM y<cg. 
34. Prove the validity of the following inequalities: 
(a) e*>1-+2 for x40, 
(b) e—% <In(it2)<a2 for «> 0, 


(c) In (1+2) > ape for r> 0, 
(cl) r—a-<sina<a for x>0, 


(0) #-+ = tanz for O<a<_n/2. 


Give a geometric illustration of these inequalities. 

35. Assume that the functions f (z) and g (2) are defined 
and n times differentiable for x>>2,, and f (x) = 

g) (a) (ke = 0, 1, ..., n— 1); “n) (x) > g@ (a) for 
2 > 1. Prove that f (x) > g (x) for x > 7p. 

36. Prove that if a function is differentiable but un- 
bounded on an open interval, then its derivative is also 
unbounded on that interval. Give an example showing 
that the converse statement is not true. 

37. Is Cauchy’s formula valid for the functions f (x) = 
x* and g (t) = = z* on the interval [—1, 1]? What condition 
of Cauchy’s theorem is not satisfied for Lhese functions? 

38. Let the function f (x) satisfy the following condi- 
tions: (1) f (z) is continuous on [a, b], (2) f (x) is differen- 
tiable in (a, b), (3) f (z) is not a linear function. Prove 
that there is a point c € (a, b) such that | f (b) —f (a) |< 
lf ()|-|b—al. 

39. Let the function f (7) satisfy the following condi- 
tions: (1) f (x) is twice differentiable on [a, b]; (2) f (a) = 
f’ (vb) = 0. Prove that there is a point c € (a, b) such 


that | / (b) — f (a) |< (A/A) (b — a)? | f" (0) |. 
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40. During the time ts the point covered the distance 
of s m moving along a straight line. At the initial and 
the final moment the velocity of the point is zero. Prove 
that at some moment the absolute value of the accclera- 
tion of the point was not smaller than 4s/t? m/s?. 


6.4. L’Hospital’s Rule 


J. Fundamental Concepts and Theorems 


Theorem 13. Assume that the following conditions are ful- 
filled: 

(1°) the functions f (x) and g (x) are defined and differen- 
tiable in a neighbourhood of the point a (except, maybe, the 
point a itself), 


(2°) lim f (xz) = gaa g(z)= 


(3°) g’ ye 0 4 in id neighbourhood of the point 
a (except, maybe, the point a itself), 


(4°) there is limit lim f ia 


xoa & (2) 
Then there is a limit lim a and it is 
l t ]j f’ (x) , 
equal to _ a (ay 


Remark. If all conditions of Theorem 13 are fulfilled 
in the right-hand (left-hand) half-neighbourhood of the 
point a, then the theorem holds true for the right-hand 
(left-hand) limit of the function f (x)/g (x) at the point a. 

Theorem 14. Assume that the following conditions are 
fulfilled: 

(1°) the functions f (x) and g(x) are defined and differ- 
entiable on the half-line (a, Pasi 


(29) im f(x)= ie g (x) = 


(3°) g (2) 0 Vr € (a, ~— 


(4°) there is a limit enue ao : 


Scsdigy “ay f (x) , 
Then there is a limit lim —~@) and is equal to 


xo -+- 00 


Remark. If we replace condition 4° in Theorems 13 


4 by the condition lim 
and 14 by lim 5 


or a symbol +00) then lint = 
ctl 
Theorems 13 and 14 make it possible to find the values 
of indeterminate forms of type 0/0. 
Theorem 15. If conditions 1°, 3° and 4° of Theorems 
13 and 14 are fulfilled and the condition lim 7 (2) = 


=: 09 (2 is a number 


oe g(z):=0o (a is a number or a symbol ey is ful- 


fi Lled instead of condition 2°, ie is a limit 
[ (2) ‘(z 
lim - and it is equal to an a (a) 

Theorem 15 makes it possible to find the value of in- 
determinale forms of type oo/oo. It is also valid in the 
case of one-sided limits. 

Each of the Theorems 13-15 is called L’Hospital’s rule. 

Indeterminate forms of other types (0-00, co — oo, 
1”, 0°, oo°) can be reduced to indeterminate forms of type 

0/0 or co/co and then we can apply L’Hospital’s rule 


II. Control Questions and Assignments 


{. Formulate L’Hospital’s rule of finding the values of 
indeterminate forms of type (a) 0/0 as xa, (b) 0/0 
as r—» + oo, (Cc) co/oo as >a, (d) co/oo as T—> + ov. 

2. Assume that conditions 1°-3° of Theorem 13 (or 
Theorem 14, or Theorem 15) are fulfilled and there is 


no limit lim P aes . Does it follow that the limit 


x~>a 
lim oy does not exist? Consider the following exam- 
xa ‘ 


ples: 


(a) lim z* sil (1/2) (b) lim xr-+sin z 


si ° 
eo sin x x>+oo 2t- Sinz 


III. Worked Problems 


i Find din = 


v>g banBr © 
A This limit is an indeterminate form of type 0/0. Let 
us verify whether the conditions of Theorem 13 are 
fulfilled: 


{90 


(1°) the functions sin az and tan fz are defined and 
differentiable in a neighbourhood of the point x = Q, 
(2°) lim sinaz=lim tan fizr=0, 
x—>0 x—>0 


(3°) (tan Bz)!’ =— 0 in the neighbourhood of 


cos? Bz 

the point z=0, 

Ae ee Sinaz). — lim S08 22. 

( x->0 (tan Bz) 2 B B : 

cos? Bz 
Consequently, according to Theorem 13 lim —U%* — 
xg tan fz 

a 
a A 


Sometimes, to find the value of an indeterminate form, 
we have to apply L’Hospital’s rule several times in succes- 
sion, as in the following example: 

2. Find 


{an c—2z 


x3 . (1) 


A This limit is an indeterminate form of type 0/0. 
Conditions 1°-3° of Theorem 13 are fulfilled and the limit 
of the ratio of derivatives 


lim 
x— (0 


4 
. (tanz—z) |. Gos’ 
gay (2) 


is also an indeterminate form of type 0/0. 
Conditions 1°-3° of Theorem 13 are fulfilled for limit (2) 
and the limit of the ratio of derivatives 


4 8 
2 
ling lim 


2 cos~%z sin x 
O\e ee 


6a (3) 


is again an indeterminate form of type 0/0. 

To find the value of this indeterminate form, we can 
also use L’Hospital’s rule since conditions 41°-3° of Theo- 
rem 13 are fulfilled for limit (3) and the limit of the 
ratio of derivatives 


-3 7 sj , -4 7 sjn2 7-- —2. 
lim (2 cos~3 zx sin x) . lim 2698 x sin® x-4-2cos nn ae (4) 


x) (62°) x—> 0) 6 3 


Thus, by virtue of (2)-(4), the required limit (1) is equal 
to 1/3. 
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3. Find lim = <z*. 
x—+>+0 
A This limit is an indeterminate form of type 0°. 
We represent «z* in the form e*!"* and _ consider 
lim (clnz). This limit is an indeterminate form 0-oo. 
x>+0 


Writing zlnz as nt 


4/x ° 
terminate form of type oo/oo. It is easy to verify that 
all conditions of ble 15 for one-sided limits are 
fulfilled for lim 


x—> +0 


plyping L’ esta’ S pales we obtain 


we arrive at an _inde- 


(verify this independently). Ap- 


lim 12% — tim 4. — lim (—2)=0 
x+>+0 1/z x—> +0 —4/ee 40 
It follows that lim 2*= lim e*"x-—e9—1. 2 
x—> 4-0 x—> +0 


IV. Problems and Exercises for Independent Work 


Find each of the following limits: 


41. lim 2 (a0). 42. lim 2 (20, a>1). 


x—> -- 00 2% Xx—> +00 
eS Vg Ne. Uh Vig 
x>g SsinBr xg sinz—z 
; cosh z— cos: 
45. lim BU see 
x—>0 ve 
OS ee 
46. lim (x —+) cot 2x. 47. lim pea LU 
xm /2 x+3n/, 4—2 Cos z 
; arcsin . 
48. lim SEM 49. lim ———_. 
o5 x x-»Q arccos s 
. In (sin az) 
50. lim —————~ (a>0 Q). 
x» Jn (sin Bz) (a >0,B> 0) 
' os (sin z)—c : —1/x 
51. lim COs@inz)— cose 59 Jim SF a0). 
x0) ae x>+o 2 
x afl 
53. lim ——. 54. lim (2 —2)tan (12/2) , 
x>a 4 x—> 1 
55. lim (tan z)'"""**, 56. lim z!/*, 
x—>3t/4 Xx—> +00 
; 1/x2 ; x? 
57. lim (= i. . §8& lim (Saenz i 
x— () oo x—> () x : 
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59. lim (+44). 60. lim ( ! ——). 


x inz sia | 


. cr) l/* — e 
61. lim (cot2—+). 62, lim SEPT, 
lin 


zt —aq* 


63. lim —— 64. lim (arccosx)**. 


x—a x—>1-0 


6.5. Taylor’s Formula 


I. Fundamental Concepts and Theorems 


1. Taylor’s polynomial. Let the function / (x) be n 
times differentiable at a point z,. The polynomial 


Tr (2) 
P,, (2) = >)  (2—2,)* 
k=0 


is Taylor’s polynomial for the function f (x) (with centre 
at the point z,). It possesses the following properties: 


p® (Xp) =f (x) (k=0,1,..., 2). 


The following theorem discloses the part played by 
Taylor’s polynomial. 
Theorem 16. Jf the function f (x) is defined in a neigh- 


bourhood of a point xy and n times differentiable at the 
point Zo, then 


f (x) = Py (x) = Ryo, (2), (1) 
where Ry+, (x) = 0 ((x — 2,)"). 

Formula (1) is known as Taylor’s formula for the 
function f (x) with centre at the point z, and the remain- 
der Ry+, (xz) in Peano’s form. 

2. Various forms of the remainder 

Theorem 17. Let the function f (x) be defined and n -\- 1 
times differentiable in a neighbourhood of the point Xo. 
Assume that x is an arbitrary value of the argument belong- 
ing to that neighbourhood and p > 0 is an arbitrary num- 
ber. Then there is a point — € (2, x) such that 


Reuss (2) =f (2)— Pr (2) = EE (SS)! p09. 


(2) 


Expression (2) is known as the general form of the remainder. 
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Tie following special cases of the general form of 
remainder are especially important: 
(a) Lagrange’s form (p =n -- 1): 

L— 2Xp)”* 


1 ; 
Reger (0) = EO (y+ O(a) (0<O<1), 


(b) Cauchy’s form 2: 


xz —Z,)"*2 (1 — 0)” 


Rass (x) = ni ee Ce 0 (x — Xo) 


(0<6< 1), 


3 Fundamental expansions. If 7) = 0, Taylor's for- 
mula is usually called Maclaurin’s formula. The most 
significant expansions by Maclaurin’s formula are: 
hes 


n 
th 
ie e* = > = + Rass (x). 
k=0 


nr 


I. sinz= 2, (—1) rar + Ments @). 


k=1 
n a 
III. cost= y, (—1)" oRE + Ronto (2): 
k=0 
- k 
IV. In(l+2)= 2) (— 1)! + Ross (2) 
k=1 


V. (tf a)*= 14 Dy SOB OEE ht Ra s(2). 


k=1 


II. Control Questions and Assignments 


4. What is Taylor’s polynomial for the function f (z) 
with centre at the point 27,2 What property does it possess? 

2. Formulate the theorem on Taylor's formula with the 
remainder (a) in Peano’s form, (b) in the general form. 
How do the conditions of these theorems differ? The con- 
ditions of which theorem follow from the other one? 

3. Use the general form of the remainder to derive 
lLagrange’s and Cauchy’s forms. Obtain Peano’s form of 
the remainder from Lagrange’s form. 
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4. Write Maclaurin’s formula for the function f(z), 
and the remainder of this formula in the forms of Peano, 
Lagrange and Cauchy. 

5. Write the fundamental expansions and the remain- 
ders of those expansions in the forms of Peano, Lagrange 
and: Cauchy. 


III. Worked Problems 


1. Expand the function tan z in Maclaurin’s series 
up to the term with 2° inclusive. 

A We seek the derivatives of the function f (z) = 
tan x up . the third order inclusive: 


'(£) = —— 


f° (x) = 2 cos’ ¢ sin z; 
f" («) = 6 cos-* x sin? x + 2 cos-* z. 
From this we find that f (0) = 0, f’ (0) = 1, f” (0) = 0, 
f’’’ (0) = 2. From Maclaurin’s formula with the remain- 
ler in Peano’s form we have 


= COS? z; 


tanz=2z + +0 (23). 


Note that the calculation of f@ (x) yields f “ (0) = 0. 
Therefore we can write the remainder as o (z‘). A 

2. Iixpand the function f (x) = In cos z in Maclaurin’s 
series up to the term with z* inclusive. 

Alt is not necessary here to calculate the derivatives 
of f (xz) up to the fourth order inclusive, instead we can 
use the fundamental expansions III and IV. Using expan- 
sion III, we obtain 


In (cos x) = In (4 — +5 +0 (24) =I (1-+ 2), 


x? x4 4 
So ah 4). 
where ¢= 5 age ON ) | 
We shall now make use of expansion IV: 


t2 
In cos z= In aii ia 


#4 o(e)—5(- S++ 0 (x*) ))° 
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zt ox zt 
ee ge gy ere 


xz” x 


4 
ee a a 


3. Estimate the absolute error of the approximate 
formula 


—— 
— 


2 
ee its+t4...42-=P, (2) (3) 
for Ox r<cl. 


A To estimate the absolute error, we must evaluate 
the remainder R,+,(z)=e*—P,(z). The remainder 
R,+,(c) in Lagrange’s form for the function e* has the 


form Ras, @) =a ex (0<c0<1). From this we 
find that 


| Rass (2) Sapp for 0<zr<t. (4) 


This is the required estimation of the absolute error of the 
approximate formula (3) for O< zr<l. A 

4. Solve the following problem using estimate (4): how 
many terms must we take in formula (1) for z = 1 to cal- 
culate the number e with an accuracy to within 10-§? 

It is easy to calculate that 10! > 3-10% Therefore 

im < — = 10-§. Thus it is sufficient to set n = 9 
in formula (3) for c = 1 to get the number e with an 
accuracy to within 10-°. A 

5. Using the fundamental expansions, find 


tan z-+2 sin z— 3z 


lim a 


x0 
A. We have 
in tan ee x—3z 
x 
73 73 
ay +o (x4)++2 (2—-4-+0 (z4)) —3z 
= im + _—________"> 
os 
— Ym 2024) 
= lim te) = 0. A 


x0 


41—01632 464 


IV. Problems and Exercises for Independent Work 


65. Use Maclaurin’s formula to expand the function 
(x) up to the term of the indicated order inclusive: 
(a) f (vr) = e-* up to the term with 2”, 

(b) f (x) = e**-** up to the term with 2°, 

(c) f (x) = sinsinzup to the term with 2°, 

(d) f (cz) = cossinz up to the term with 27%, 


(e) f(z) =In SB* up to the term with 2°, 

(f) f(z) = sin x? up to the term with 23, 

(g) f(z)=fa"+z up to the term with 22(a>0), 
(h) f(z)=Vi—a2+ 2z* up to the term with z’. 


66. Write the expansion of each of the following func- 
tions in Taylor's series with centre at the point x = 1: 

(a) f(z) = 2’, (b) f (”) = Va up to the term wilh 
: are ie c) jf (x) = sin (mz/2) up to the term with 
L— . 


67, Estimate the absolute error of the following appro- 
ximate formulas: 


(a) sin ¢—7— for igi. 
3 
(b) tan zee for |z|<0.1, 


() Vi-rx14+2—% for 02. 


68. Use Taylor’s formula to find the following approx!- 
mate values: 


(a) 9 with an accuracy to within 10-3, 


(b) 90 with an accuracy to within 10-4, 
(c) sing18° with an accuracy to within 10-4, 
(d) sin 1° with an accuracy to within 10-8, 
(e) In 1.1 with an accuracy to within 10-%, 
(f) e? with an accuracy to within 10-5, 
(g) cos 6° with an accuracy to within 10-°. 
69. Using the fundamental expansions, find the fol- 
lowing limits: 
. cosz—e~/2 . sin2z—2tanz 
(a) an x4 » (b) as In(i+23)? 


(c) lim Ve* (Ve* +1 —Ve®—), 
x—> -+ 00 
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(d) Yi Ve+i+Va-1_2Vi 
) lim x8/2 ( t+1+V2—1—2 Yn), 
. e* 1 a-x __ } 
°) on lim Gar 4 


e 4 1 : : _ 3 4—az 
(8) er (= —cot x) , (hb) lim sin sins—2 VISE 
x->0 


—_ 


Chapter 7 


Investigating the Behaviour of 
a Function and Constructing Graphs 


7.1. Constructing the Graphs of 
Explicit Functions 


I. Fundamental Concepts and Theorems 


1. Asymptotes to the graph of a function. A function 
defined by the relation y = f (x), x €D (f), is called an 
explicit function. 

Definition. The straight line x =c isa vertical asymptote 
to the graph of the function y = f (x) if at least one of the 


limits lim f (x) or lim f (x) is equal to 
x->c— 0 x—>c+0 
+- oo Or — oO. 


Definition. The straight line y = kx + b isan oblique 
asymptote to the graph of the function y = f (x) as x—> 
+00 if this function can be represented asf (x) = kx + b + 
a (x), where a (x) —~>0 as tx+-+ of. 

Theorem 1. For the straight line y = kx + b to be an 
oblique asymptote to the graph of the function y = f (x) as 
x—»-l- oo, it is necessary and sufficient that the limits 

lim f (2) 
x—> +00 za 
should exist. 

By analogy we can introduce the concept of an oblique 
asymptote to the graph of a function as x > — oo. 

2. Even, odd and periodic functions 

Definition. The function y =f (x) is even if 


Wx ED (f): f(x) =f (—2). 
4ie 163 


=k, lim [f(z)—Az]=b 
x—>-+ 00 


Definition. The function y = f (x) is odd if 
Ve ED (f): f(z) = —f(— 2). 


Definition. The function y = f (x) is periodic, if there 
is a number T = 0, called the period of the function y = 
f (z), such that 


VeED (ff): f@) =f/@+ 7) =f — 2). 


By the period of a function we usually mean the least 
of the positive periods, provided that it exists. 

3. Local extremum of a function. Assume that the 
function y =f (x) is defined in a neighbourhood of a 
point Zp. 

Definition. The function y = f (x) is said to have a local 
maximum (minimum) at the point x, if there isa neighbour- 
hood of the point xy in which the inequality f (x) < f (xp) 
[f (x) > f (Xo) respectively] is satisfied for x = z,. A local 
maximum and a local minimum are united under the 
general term local extremum (or simply extremum). 

Theorem 2 (a necessary condition for an extremum). 
If the function y = f (x) has an extremum at the point Zp, 
then the derivative f' (x) at the point x, is either zero or 
does not exist. 

The values of the argument of the function y =f (x) 
for which the derivative is either equal to zero or does 
not exist but the function itself is continuous are known 
as points of a possible extremum. 

Theorem 3 (the first sufficient condition for an extremum)- 
Assume that the function y = f (z) is differentiable in 
a neighbourhood of a point x, of a possible extremum (except, 
maybe, for the point xp itself). Then, if the derivative f’ (2) 
changes sign from plus to minus (from minus to plus) when 
passing through the point x, (in the direction of the increase 
of x), then the function y = f (xz) has a local maximum 
(minimum) at the point xy. If the derivative of the function 
does not change sign when passing through the point Xo: 
then the function y = f (x) does not possess an extremum 
at the point Zp. 

Theorem 4 (the second sufficient condition for an extre- 
mum). Assume that the function y = f (x) has the second 
derivative at the point x, of a possible extremum. Then, if 
{"\(%o) <0 (f” (zo) >> 0), then the function y =f (2) 
possesses local maximum (minimum) at the point Zp. 
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4. The direction of convexity and the points of inflec- 
tion of the graph of a function. Assume that the function 
y = f(z) has a finite derivative at every point of the 
interval (a, b). Then, at every point M (2, f (z)), rE 
(a, b), the graph of the function y = f (x) has a tangent 
which is nonparallel to the y-axis. 

Definition. The graph of a function is said to be convex 
downwards (upwards) on the interval (a, b) if, within the 
interval (a, b), the graph lies not lower (not higher) than 
any tangent. 

Theorem 5. If the function y = f (x) has a second deriv- 
ative on the interval (a, 6) and if that derivative is non- 
negative (nonpositive) everywhere on this interval, then 
the graph of the function y =f (x) has convexity directed 
downwards (upwards) on the interval (a, 6). 

Definition. The point M (c, f (c)) of the graph of the 
function y = f (x) is a point of inflection of this graph if 
at this point the graph has a tangent and there is a neigh- 
bourhood of the point c within which on the left and on the 
right of the point c the directions of convexity of the graph 
of the function y =f (x) are different. We also say that 
at the point M (c, f (c)) the graph of the function has an 
inflection. 

Theorem 6 (a necessary condition for inflection). 
If the graph of the function y = f (x) has an inflection at 
the point M (c, f (c)) and the second derivative f" (x) is 
continuous at the point c, then f" (c) = 0. 

Theorem 7 (a_ sufficient condition for inflection). 
If the second derivative of the function y = f (x) exists in 
a neighbourhood of the point c, with f" (c) = 0, and the 
signs of f” (x) are different on the left and on the right of 
the point c, then the graph of the function has an inflection 
at the point M (c, f (c)). 

5. Scheme of constructing the graph of the function 
y = f (2). 

1°. Find the domain of definition of a function and 
the values of that function at the points of discontinuity 
and the boundary points of the domain. 

If the function suffers a discontinuity at the point c 
and f (ce +0) or f(e —0) vanishes, then z=c is a 
vertical asymptote to the graph of the function y = f (2). 

If the function is defined on a half-line or on the whole 
number line, then we must find out (using Theorem 1) 
whether the graph of the function has oblique asymptotes. 
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If oblique asymptotes do not exist, then we must find 
out whether the function is bounded as 2 ~ oo or un- 
bounded (in the last case we must find out whether it is 
infinitely large as z —oo and what sign it has). 

2°. Find out whether the function is even, odd or 
periodic. 

The aim of this item is to make the calculations as 
short as possible. Indeed, if the function is even or odd, 
then we may consider the part of the domain which 
belongs to the positive semi-axis of abscissas rather than 
the whole domain. On this part of the domain we must 
carry out complete investigation of the behaviour of the 
function and construct its graph, then, resorting to sym- 
metry, complete the construction on the whole of the 
domain. 

If the function is periodic, then it is sufficient to 
investigate the behaviour of the function on any closed 
interval whose length is equal to the period of the func- 
tion and then, constructing the graph on that inter- 
val, extend it to the whole of the domain of the func- 
tion. : 

3°. Find the zeros of the function, i.e. solve the 
equation f (x) = 0. These solutions and the points of 
discontinuity of the function divide its domain of defini- 
tion into intervals where the function lis of constant 
sign. ; | 

49. Find local extremaYand the intervals of increase 
and decrease of the function (we shall depict the extremal 
points on the graph by circles OQ). 7” 

O°, Find the intervals where the graph of the function 
retains the direction of its convexity and the points of 
inflection (we shall depict the points of inflection on the 
oraph by crosses: X or -/). 


IJ. Control Questions and Assignments 


{. Give a definition and an example of a vertical 
asymptote to the graph of a function. 

2. Give a definition and cite an example of an oblique 
asvmptote to the graph of a function as x —+--oo (as 
7 —> —oo), 

3. Formulate the theorem which defines necessary 
and sufficient conditions for the existence of an oblique 
asymptote to the graph of a function. 
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4. Give examples of a function which has oblique 
asymptotes to its graph as x ~-+oo and as rt — —oo 
and those asymptotes (a) coincide, (b) do not coincide. 

5. Give a definition of a local extremum of a function. 

6. What is a point of a possible extremum of a func- 
tion? 

7. Formulate the theorem which defines a necessary 
condition for an extremum (a) of an arbitrary function, 
(b) of a differentiable function. Give an example showing 
that this condition is not sufficient. 

8. Formulate the theorems which express the sufficient 
conditions for an extremum of a function. 

9, Give a definition of the direction of convexity of 
the graph of a function. . 

10. Give a definition of a point of inflection of the 
graph of a function. 

11. Can the direction of convexity of the graph of a 
function change when the function passes through the 
point which is not a point of inflection? Give examples. 

12. Formulate the necessary condition for inflection 
of the graph of a function. Give an example showing that 
this condition is not sufficient. 

13. Formulate the sufficient condition for inflection 
of the graph of a function. 

14. Present a scheme for constructing the graph of the 
function y = f (2). 


III. Worked Problems 
14. Construct the graph of the function y= 
. 2x 
arcsin T+22 ° 


A 1°. The function is defined for the values of x for 
which, as follows from the definition of the arc sine, 
the inequality |= |<! is satisfied. It is equivalent 
to the inequality (1— |x])?2>0. The last inequality 
is valid for any real z. Thus D(f)=R. The function 


a is continuous at any point (being the quotient of 


the division of two continuous functions). Therefore 
‘ : 22 ‘ ‘ 

the function’ arcsin Tre ' also continuous at any 

point (being the superposition of continuous functions) 

and, consequently, there are no vertical asymptotes 
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to the graph of the function. To find the verlical asymp- 
tote as x —-+oo, we calculate the following limits: 


lim £@ — lim + arcsin 2 5 = 0, 
x—> +00 * x—> +-00 z 1+ <2 
lim [f(z)—kz] = lim arcsin. = , =arcsin 0 = 0. 
x—> +00 pres 1-+-z 


Hence it follows that the straight line y — 0 is an asymp- 
tote as x + +o (it is rather horizontal than oblique). 
We can establish by analogy that the same straight line 
y =O is an asymptote as + + —oo. 

2°, The function is evidently nonperiodic and odd and 
therefore it is sufficient to consider the half-line [0, -|-co) 
rather than the whole domain. 

3°, We have y =O for x =O. There are no other 
zeros or points of discontinuity of the function. On the 
half-line (0, +-0o) the function is positive. 

49. We seek the points of a possible extremum on the 


half-line [0, -++-oo) for which purpose we calculate the 
derivative of the function z =< 1: 


y= 1 2 (1-++ x2) — 422 
/ 1- Lz (1-++- 2x?)2 


{+22 = 2(1—zx2) — 2sen (4 — 23) 


[1—22 | (4422)? ~ {4 q2* 
It can be seen that the derivative does not vanish at any 
point. Since y’ (1 + 0) = —1, y’ (4 — 0) =1, the deriv- 


ative does not exist at the point x = 1. When passing 
through the point z = 1, the derivative changes sign 
from plus to minus. Therefore, at the point z = 41, the 
function has a local maximum and y (1) = arcsin4 = 
m/2. Note that at the point..c —1 the function is 
continuous and its derivative has a discontinuity of the 
first kind.‘;fn that case the corresponding point on the 
graph of the function [the point (1, 2/2) in this example] 
is known’ as a corner point. The intervals of monotonicity 
of the function are defined by the sign of the derivative: 
y >0 for 0O<x<i1 and y'’ <0 for x > 1. 


2°, Since the second derivative 


‘ — 4x sgn (1 — 2?) A 4. 
fae 
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vanishes only for 2 = 0 and y” changes sign when passing 
through the point .2 = 0, the graph of the function has 
an inflection at the point (0, y (O)) = (0, 0). The direction 
of convexity is defined by the sign of the second deriva- 
tive: y”" <0 for OS a<l, y" >0O for <>1. 

We have completed the investigation of the behaviour 
of the function. Before constructing the graph, it is 
convenient to depict the results of the investigation on 
the scheme, in particular, the intervals where the func- 
tion, the first derivative y’ and the second derivative y” 
are of constant sign: 


{nf lection 


Reading now the information on the scheme, we construct 
the evaph of the function on the interval [0, -}co). On the 
closed interval [0, 1] (a) the function increases from thie 


nly se 


Fig. 6 


value y — U for 2 =: 0 to the value y = n/2 for x = 1, 
(b) the graph is convex upwards. Next, on the half-line 
[1, -boo) (a) the function decreases remaining positive, 
(b) the graph is convex downwards, (c) as x — --00, the 
a approaches the asymptote, the x-axis. Note that 
when passing through the point 2 = 41, the direction ; 
convexity of the graph changes but ihe point (1, 2/2) is 
not an inflection point, it is a corner point (Fig. (5). 


169 


Finally, using the fact that the function is odd, we 
complete the construction of its graph on the whole of 
the domain of definition (Fig. 7). A 

Remark. If a curve is defined by an equation @ (z, y) = 0 
and if this equation can be solved for y or for x, then 
the construction of the curve reduces to the construction 
of the graphs of explicit functions. 

2. Construct a curve defined by the equation y? — 
sin? z = 0. 

A Vx € R this equation has two solutions with respect 
to y: y =sin® z and y = —sin®?z which are explicit 
functions defined throughout the number line. The graphs 
of these functions are symmetric about the z-axis. It is 
therefore sufficient to construct the graph of the first 
function and then, resorting to symmetry, construct the 
whole curve. Thus the problem has reduced to the con- 
struction of the graph of the explicit function y = sin? x 
which we shall write as 


We use tlie scheme presented above to invesligate the 
behaviour of this function. 

1°. We have D(y) = R. 

2°. The function y (x) is periodic with period 7 = UX. 
Therefore, to construct the graph of the function, il is 
sufficient to consider an intercept on the z-axis of length 7, 
say, [—x/2, x/2]. Since, in addition, y (z) is even, we 
can restrict our consideration to the closed interval 
(0, 2/2]. 

3°. We scek the zeros of the function on the closed 
interval [0, 2/2]; we have + — 08 2z=—0 forz=hkn, 
k € Z, but of all these solutions only zx = 0 belongs to 
the interval [0, x/2]. The function has no points of dis- 
continuity. On the interval (0, x/2] the function is 
positive. 

49. Weseek y’ = sin 22. On the closed interval [0, 2/2] 
the derivative is equal to zero for 7 =O and x — n/2. 
Furthermore, y’ > 0 for 0 <c2a< n/2, y’ <0 for x =< 0 
and 2 >> n/2. According to Theorem 3, the function has 
a local maximum at the point m/2, with y (x/2) = 1, 
and a local minimum at the point z = 0, with y (0) = 0. 
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The whole interval [0, 2/2] is an interval of increase 
of the function. 

0°, We have y” = 2 cos 2x. On the interval [0, 1/2] 
the second derivative vanishes for z = m/4. When pas- 
sing through this point, y” changes sign. This means, 
according to Theorem 7, that the graph of the function 
has an inflection at the point (x/4, y (m/4)) = (n/4, 1/2). 
Thus we can construct the following scheme: 


y” A a + aa = x 
O Wie 2/2 


Reading the information on the scheme, we construct the 
graph of the function on the closed interval [0, x/2] 
(Fig. 8). Using the fact that the function is even, we 
complete the construclion of its graph on the interval 
[—xn/2, n/2] (Fig. 9). 


Bearing in mind that the function is periodic, we 
construct ils graph on the whole domain of definition 


(Fig. 10). 


Finally, using the symmetry of the original curve 
about the z-axis, we obtain the whole curve (Fig. 11). A 


TV. Problems and Exercises for Independent Work 


Construct the graph of each of the following explicit 
functions: 


11. 
{3. 
15. 
17. 


18. 
19. 
20. 


1. 
3. y=0.47—0.523+ 0.105. 4. y=(1—2?)-!. 
oO. 

7 
9 


y=1+22—O0.074. 2. y=(x+1) (x—2)2. 
y= xi(1+z)%. 6 y=(1+2)4(1—2)4. 


-y=x(x—1)(ex4+1)?. 8&8 y=xr(t—z), 


COS Zz 


~y=2r7—14 (7+1)'. 10. Y= eos 


4 — 2x2 ry e 
y = arccos 775. 12. y=arcsin (sin z). 
y=sin(arcsinz). 14. y=arctan (tan z). 


y=arctan (1/z). 16. y= (r+ 2) ef/*. 
y=0.5(V 22@+24+1—V22?—2+1). 
y=VPFI-V PHI. 
y = (x + 2)?/3 — (x — 2)/3. 
y = (a+ 1) +(e 1), 


Construct the curves defined by the following equa- 


tions: 
21. 
23. 
2s 
29. 


26. 
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y? = 822?—374, 22, y2 = (a—1) (x—2) (4 — 3). 
y= (2—4) (eA 

y? == x4 (1 —2z) (1-- 2). ’ 
y= £9 (e-}- 1). 


x? (y —2)24 ey —y2=0, 


7.2. Investigation of Plane Curves 
Represented Parametrically 


I. Scheme for Investigation of a Curve 


The parametric equations of a plane curve have the 


form 
z=az(t), y=y(t), teT. (1) 


We can use the following scheme to investigate and 
construct such a curve. 
40. We find the set 7’ which is the common part of the 
domains of definition of the functions z (t) and y (t) (if 
the set 7 is not specified), noting, in particular, the 
values of the parameter ¢; (including ¢t; = -too) for 
which at least one of the one-sided limits lim 2 (2), 
t— te a-U 
lim y(t) is equal to +-co or —o. 
t—>t;+0 
90, We find out whether the curve possesses symmetry 
which makes it possible to cut down the calculations. 
3°, We find the zeros of the functions z(t) and y (t) 
and the domains where the functions are of constant sign. 
49, We find the points z, at which at least one of the 


derivatives x (t), y (t) is zero or discontinuous. Note 
that the points t;, indicated in 1°, and the points ?¢,, 
found in this item, divide the set 7 into intervals where 


the derivatives z(t) and y (t) are of constant sign. There- 
fore, on each of these intervals (¢,, tp4,) the function 
x(t) is strictly monotonic and, consequently, on the 
interval (¢,, tp4,) the system of equations (1) gives 
parametrically a function of the form y = f (z) (see 4.1‘). 
The derivatives of this function are expressed by the 
formulas 


qa 
_ a (f’) 
z(t) z(t) 
We shall call the part of the curve corresponding to the 
change of the parameter ¢ from ¢t, to fp+, a branch of the 
curve. Every branch of the curve is the graph of a func- 
tion of the form y = f (z). 


0°. We find the points ¢; at which f” = 0. 
6°, We compile a table of the form 


fi'= y (2) f"= 
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(tp, tn+1) | | 


(Zp, © n+1) 


(Yp; Ype1) 


Sign of f’ 


In the first row we write the intervals of variation of 
the parameter t whose boundary points tp and tp4, are 
the points we found in items 4°, 4° and 5°. In the second 
and third rows of the table we present the corresponding 
intervals of variation of the variables x and y. In the 
Jast row we give the sign of {” which defines the direction 
of convexity of the graph of the corresponding branch 
of the curve. 

7°, Using the table, we construct the branches of the 
curve corresponding to the intervals (tp, tp+41)- 

Remark 1. In 1° of the scheme we can find the asym p- 
totes to the curve (provided that they exist). To do 
that, we must bear in mind the following: 

(a) if zz, and y >oo as t—+t, (t{ >t, +0 or 
t +t, —Q), then =z, is a vertical asymptote to 
the curve, 

(b) if zoo and y +ypo as tt, (t >t, + 0 or 
t >t, — 0), then y = y, is a horizontal asymptote to 
the curve, 

(c) if x—+oo and yoo as t—+>t, (t >t, +0 or 
t-»+t, —Q), then an oblique asymptote is possible 
which can be found in accordance with Theorem 1. 

Remark 2. When studying the symmetry of a curve 
(item 2° of the scheme), four cases must be borne in 
mind when it suffices to consider only the nonnegative 
part of the domain 7 rather than the whole domain: 

(a) WET: x(t) =x(—t), y() = —y(—t) (sym- 
metry about the z-axis), 

(b) WEE T: x(t) = —z(—t), y(t) = y(—t) (sym- 
metry about the y-axis), 

(c) WEE T: x(t) = —r(—t), y (t) = —y (4) (sym- 
metry about the origin), 
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(dd) WeET: x(t) =x (—#), y(t) =y (—4) (super 
position). 

Remark 3. If ¢, is a point found in item 4° of the 
scheme and if x (¢) relains sign on the interval (¢)-,, 
ty4,), then, on this interval, the system of equations (1) 
defines parametrically a function of the form y = f (z) 
for which the point z (t,) is the point of a possible ex- 
tremum. We can find out whether z (tp) is the point of 
extremum of the function y =f (z) by considering the 
variation of y on the intervals (tp-, t,) and (t,, tp4,). 

Remark 4. When investigating a curve, we may en- 
counter one of the specific singular points of the curve 
defined parametrically, a cuspidal point or cusp (see 
Example 2 in III). 


IJ. Control Questions and Assignments 


14. How can we calculate the derivatives of a function 


represented in parametric form? 
2. A curve is represented in parametric form: xz = 
sin? t, y = cos?¢. What interval is it sufficient to 


consider for the point (z(t), y (t)) to appear at every 
point of the curve only once when the parameter ¢ varies 


on that interval? 
3. How can we find the asymptotes to a curve repre- 


sented in parametric form? 

4, How can the symmetry of a curve represented in 
parametric form be investigated and used? 

5. Formulate the necessary condition for a local ex- 
tremum of a function represented in parametric form. 

6. Give a scheme of investigation and construction 
of a curve represented in parametric form. 


III. Worked Problems 


4. Construct the following curve represented in parame 


etric form: 
t __ t (420?) 


seas ORT Sa came BY 
A 1°. We have 
t €(—oco, —1) U(—1, 1) U(1, +00), 
x € (0, --co) U (—o0, +00) YU (—oo, 9), 
y € (—o, —o0) YU (+00, —oo) U (+00, +00). 
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It follows that z — 0 is a vertical asymptote to the curve, 
and as ¢-»—1 and ¢t +1 oblique asymplotes are pos- 
sible. Indeed, 


lim += lim (1—2#)= —1, 
x++00 7 t>1+0 


lim (y+z)= lim 2¢=2. 
x—> 00 t+1+0 


By analogy we find the limits as t + —1: 


lim ~—=—1; lim (y+2z)= —2. 
x—> 00 = X—> + co 
Thus the curve has two asymptotes y = —x + 2 and 
Y= et 2. 
2°. Since z(t) = —zx (—t), y (t) = —y (—-1), the curve 


is symmetric about the point O(0, 0). It is therefore 
sufficient to consider the set M = [0, 1) U (1, -fco). 

3°. On the set M we have z (t) =0 fort =0, y(t) =0 
for t = 0 and ¢ = 1//2. 


° 4 {2 ® 211—5 9 
49, x (z) = qe >» Y (t) = a s On the set 
M we have x(t)>0, and y(t)=0 for t, = 


0.5)/ 5—Y 17= 0.47 and t,=0.5/ 54) 17 & 1.51. 


digs 
50 fit = att — ol? + 4 7 ae = 
oa eee ss ec aaa 
—At (1 — #2)3 (3-32 
aa Hence ("<0 for £610, 1), f7>0 


for t€ (1, + 00). 
6°.. We compile a table: 


(tp, tps1) 


(0, (0.47) | (0.47, 4) | (1, 1.54) | (1.54, -b00) 


(Zp, @ 41) | (0, -+00) 


(0.6, +00) | (—co, —0.7) | (—0.7, 0) 


(Yps Y pai) 


(0, 0.3) | (0.3, —0o) (+00, 2.3) | (2.3, +-0o) 
Sign of f” | + | + | _ | = 
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Fig. 12 Fig. 13 


7°, We construct the part of the curve corresponding 
to the set M (Fig. 12). Next, resorling to the symmetry 
of the curve, we construct the whole curve (Fig. 13). A 

2. We construct a curve represented in parametric 
form: 


Pea 2a. aS ste, (2) 
NN 19. We have 

t C (—oo, +-0o), 

zx € (—oo, —oo), 

Y E (-F 00, —oo). 
Thus, as r-»>— oo (t+ oo), oblique asymptotes are 

: fs. Ae Jf— ts : 

possible. However, oe ay = «Ci. 


there are no asymptotes. 


2°. The curve does not possess the properties of sym- 
metry and periodicity. 

3°, We have zc =O for t = 0 and ¢ = 2; y = 0 for 
t = Q, {=— —V/3 and t= V3. 

49. We find that 2 (t) =2(1 —t) =0 for ¢=1, 
y(t) =3(1 —#) =0 for t = —1 and t = f. 
toa it follows that f”’>0 for 


t< 1, f’<0 for ¢>1. 
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2”, Since ["=- 


6°. We compile a_ table: 


(tp, tps) | (— co, —1) | (—1, 1) | (1, -F 00) 


(Zp, 41) (— 0, — 3) (—3, 1) | (1, — co) 
(yp, Yps1) | (20, —2) | (—2, 2) | (2, —o) 
l 

Sign of f’ | + | eb | =a 


7°, We construct a curve (Fig. 14). 

Note that if we consider ¢ to be time and the curve 
defined by the system of equations (2) to be the trajec- 
tory of motion of the point on the zy-plane, then 


Fig. 14 


{z, y} is the velocity vector of the motion of that 
point. For t=1 in this example we have x (t) —y (t) = 0, 


i.e.4the velocity is zero and x(t) and y (t) change sign 
when passing through t=1. This means that as 
t+1—QO the point moving along the trajectory 
approaches the point W(1, 2) (see Fig. 14), stops at 
the point W at the moment t=1 and then moves in 


the opposite direction. Since lim JO lim v2. 
a t>1-0 a(t)  t+14+0 x(t) 
the branches of the trajectory corresponding to t < 1 
and t 21 have the same one-sided tangent for t = 1, 
i.e. at the point W (1, 2). The point W (1, 2) is known 
as a cuspidal point, or cusp (this name evidently corre- 
sponds to the physical interpretation considered above). A 
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Remark 1. It is sometimes possible to obtain param- 
etric equations for the curve defined by an equation 
of the form 


I (x, y) = \, (3) 


Here is the way to do this. We set y = @ (t) x”, where 
a (t) and n are the requisite function and number. Sub- 
stituting the expression for y into equation (3), we get 
F(x, a(t) cz") = 0. Let x = p(t) be a solution of this 
equation. Then 


z= p(t), y= a (t) p” (t) =» (2) 


is a parametric equation of this curve. In practical ap- 
plications the choice of the function a (t) is determined 
by the form of the function F (a, y). 

Let us consider a curve defined by the equation 


xt + y? = 2zy. (4) 


a 
This equation can be satishied by the coordinates x and 
y of only those points which lie in quadrants I and III 
or on the coordinate axes, i.e. the inequality zy >0 
must be satisfied. To pass to the parametric equations 
of the curve, we set y =x Vtant. Substituting this 
expression into equation (4), we obtain 


zt (1+ tan? t) = 227) tant, 
whence z = 0 and t = 4 tant cos ¢. The &rst solution 


x =O is contained in the second for ¢ = V0. Thus the 
parametric equations of the curve have the form 


z=V4tantcost, y= / 4(tan f)% cost. 


However, we can introduce the parameter ¢ in another 
way, setting, for instance, y = zt. Then we arrive at 
the following parametric equations of the curve: 


= 2t - 213 

ae ifur Y= 4+24 

and 1248 
i ipa Y= Lit” 


Investigate the curve for both cases of introduction of 
the parameter ¢ as an exercise. 
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Remark 2. We can investigate a curve represented in 
polar coordinates using the scheme presented in this 
section. Indeed, assume that in the polar system of 
coordinates ((p, 9) Lhe curve is defined by the equation 
o=f(p). Then, expressing the Cartesian coordinates 
in terms of the polar oncs 

Z=0COS (|, 
y=psin (Pp, 
we get the parametric equations of the curve (p is a 
parameter) 


x=f(p)cosp, y =f (gp) sing. 


IV. Problems and Exercises for Independent Work 


Construct the curves defined by the following equa- 
tions: 7 


1 _ 1 
ai. x — —— (é-+- 1), y= (t—1)?. 
8, ea y= 


~ 7. 


{ 
{+e ° 
. 2 
D9. Gen! é 


war Pe a 


30. c= —52+4 215, y= — 312-4 223, 
OE. gee apace. 


a. ga ge 


S t-+1 7 4 FA 
ee t — t2 Pp 
ree geege = ge a 


Passing to parametric equations, construct the curves 
defined by the following equations: 

34, «° + y° = dazy, where a> 0 (Cartesian folium). 

35. (x — a)* (2* +- y*) = b?z*, where a>0, bxwO 
(conchoid of Nicomedes). Consider the following cases: 
(a) a>, (b) a=), (c) a<b; in each case define 
the character of the singular point of the curve O (0, 0). 

36. 2° + y?/} = a’, where a> 0 (astroid). 

37. 26 4 2a3y = y®. @ Sel y = xl. 

38. 4y? = 4a7y 4+- 2°. @ Set y = 2%. 

39. a4 J. 2y® = 422y. 40. a — 22°y — y’? = 0. 

44. wy? 4-y = 1. @ Set y = t/a. 


42, x3 - y® = 3a*. 48. y® 4+ at = ay’. 

44, 24 — yi + ay = 0. 45. 2° 4- y? = xy”. 

Construct the curves delined by the following equations 
in the polar system: 

46. 9p =d/p 0O< @ < -+j-0~). 

47. p* = 2a cos? @p. 

48. 9 =acos@ + Bb. 

49. p = asin 39 (a > OQ). 


50. p= 2/) cos 39. 


Chapter 6 
The Definite Integral 


8.1. Integrability of a Function 
(in the Sense of Riemann) 
and the Deiinite Integral 


I. Fundamental Concepts and Theorems 


{. Integral sums and the definite integral. Let the 
function f (x) be defined on the closed interval [a, 0] 
(where a < b). We shall designate the arbitrary partition 
of the interval [a, b] by the points a=—=2z<2,<... 
<ws, =b into n subintervals [z;-,, z;] (¢ = 1, 2, 3, 

.. n) as T la, bl, or simply as T. We set Ax; = z; — 
2;-;. On each subinterval [z;_,, z;] we choose an arbhit- 
rary point & and form a sum: 


di f (&:) Ax; =I (z;, &)- 


The number J (2;, §;) is the integral sum of the function 
{ (z) which corresponds to this partition 7 le, b] and to 
this choice of the inlermediale points § on the sub- 
intervals [«;_,, 2;]. We introduce the desigualtion A — 
max A2z;. 
1<i<n 

Definition. The number I is the limit of the integral 
sums I (x;, §:;) as A +0 if Ve > 0 36 > 0 such that for 
every partition T [a, b], for which A < 6, lhe inequality 
[2 (ri, §:) —L|<e holds irue for any choice of the 
intermediate points §; on [x;_,, aj). 
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Definition. The function f(z) is Riemann inte- 
grable on the closed interval la, b] if there is a_ limit 
lim J (z;, &;) = I. 

A-0 e e e 

In that case the number J is the definite integral of 

the function f (x) over the interval [a, b] and is written as 


b 


i | f(@) de. 


a 


2. Darboux sums. Let f(x) be defined and bounded 
on [a, 6]. To carry out the arbitrary partition 7 [a, b], 


we introduce the designations m;= inf f(z), 
[x;y 4] 
Al;= sup f(z) and form sums 
Xj-y XG] 


1 n 
s= >\ m,Az;, S=>) M,Az;. 
i=1 i=! 
The numberssand S are the lower and the upper sum 
(Darboux sums) corresponding to this partition 7 [a, J]. 
It is evident that s< J (z;, &;) << S§ for a fixed par- 
tition T [a, b] and any choice of intermediate points on 
this partition. 
Here are the properties of Darboux sums. 
1°. For any fixed partition 


His inf {I (z;,&)}, S= sup {7 (x;, &)}- 
over all over all 
collections of collections of 
points &; points €; 


2°. If we have obtained partition 7, from partition 7, 
by adding several new points (i.e. by refining 7',), then 
the lower sum sy of the partition 7, is not smaller than 
the lower sum s, of the partition 7, and the upper sum S, 
of the partilion 7, is not larger than the upper sum S, 
of the partition 7j: s; << s., S,< Sj. 

3°, The lower sum of an arbitrary partition does not 
exceed the upper sum of any other partition. 

A°, Let {s} and {S} be the sels of various lower and 
upper sums for any partitions of [a, b]. The numbers 


[= inf ish ds Sup {s} 
over over 
all partitions all partitions 
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are the upper and the lower Darboux integral, respec- 
Lively. 

The lower Darboux integral does not exceed the upper 
one: Jl. 


5°, Darboux lemma 


lim S=/J, lims=/J. 
A>0 A>0 ~ 


3. The necessary and sufficient conditions for integra- 
bility 

Theorem 1. For the function f (x) bounded on the closed 
interval [a, b] to be integrable on this interval, it is neces- 


sary and sufficient that I = T. 


Theorem 2. For a function bounded on the closed interval 
[a, b] to be integrable on this interval, it is necessary and 
sufficient that We ~> 0 there should be a partition T [a, 6] 
(at least one) for which 


S == 8 <=" €: (1) 


Recall that the number o; = M; — m;, is the oscillation 
of the function on the interval [z;_,, 2;]. 
We can wrile condition (1) in the form 


nr 


S—s= » w;Axr; <é. 


j=1 


4. Some classes of integrable functions 

Theorem 3. A function f (x) continuous on the closed 
interval [a, b] is integrable on this interval. 

Corollary. Every elementary function is integrable on 
any closed interval which lies entirely in the domain of 
definition of that function (since it is continuous on this 
interval). 

Theorem 4. Let f (x) be bounded on the closed interval 
la, b). Jf WerO there is a finite number of intervals 
which cover all points of discontinuity of f (x) and the 
sum of whose lengths is smaller than ©, then f (x) is inte- 
grable on the interval [a, 5]. 

Corollary. A piecewise-continuous function (a function 
which has a finite number of points of discontinuity of the 
first hind on the closed interval [a, b]) is integrable on 
this interval. 
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Remark. If the conditions of Theorem 4 are fulfilled, 
b 


then the value ofthe integral f (x) dz does not depend 


a 
on the values of f (x) at the points of discontinuity. We 
therefore often raise and solve the problem of calculation 
of the integral of a function which is not defined either 
at a finite number of points of the interval [a, b] or on 
the set of points which can be covered by a finite number 
of intervals of an arbitrarily small length. In that case 
we assume that the definition of the function f (2) is 
completed arbitrarily at these points but the function 
remains bounded on the interval [a, b] and, consequently, 
integrable. 
For example, strictly speaking, the integral 


i 


1 
sin x A (2) 
0 


does not exist sinceat the point z=O0 the function sine 
{ 
is not defined. However, the integral \ f(z) dz, where 
0 
Sin z 
— for cz 
f (2) -{ z ms 
C for x+=0 


exists and is independent of the choice of C. We there- 
fore assume that integral (2) also exists and is equal 


i 
to \ f (x) dz. 


0 


_ Theorem 0. A function f (x) monotonic on the closed 
interval [a, b] is integrable on this interval. 


‘(C is an arbitrary number), 


II. Control Questions and Assignments 


1. What is a partition of the closed interval [a, UJ? 

2. What is the integral sum of the function f (2) on the 
closed interval fa, )b]? 

3. Give a definition of the limit of integral sums when 
the mesh size of the partition (A —0) approaches zero 
on the closed interval [a, 0]. 

4, What‘ is the definite integral? 
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Oo. What is an integrable function? 
ee Prove that an unbounded function is not integr- 
able. 

7. Is the function f (vz) = 1/z inlegrable on the closed 
interval [1, 2]? on the closed interval [—1, 1]? 

8S. Is the function f(z) = tan zcotz integrable on 
= —— interval [n/6, 2/4]? on the closed interval 
a1. 4)? | 

9. Is the function f (7) = e-!/* integrable on the closed 
interval [—3, —2]? on the closed interval [—1, OJ]? on 
tlie closed interval [—1, 14]? 

10. Is every bounded function integrable? Substantiate 
Lhe answer by giving examples. . 

11. What are the lower and upper Darboux sums? 

142. Name the properties of the Darboux sums. 

13. Formulate the necessary and sufficient condilions 
for integrability (two variants). 

14. Recall the classes of integrable functions you 
know. Give examples of functions belonging to those 
classes. 

15. Think of an example of a function monolonic on 
the closed interval [a, b] which has an infinite number 
of points of discontinuity. Is such a function integrable 


on f{a, b]? 


{1I. Worked Problems 


1. A constant function f (2) = C is integrable on [a, 6] 
since the integral sums have the same value for any 
partition and any choice of the points §;: 


I (a; &) =>} 1 (&) AE =C Dy) Ax, =C (b —a). 
i= | i=1 
b 
Honee | Cda=-lim I (aj, €) —C (b—a). 


‘ A>(0) 


2. beage that the Dirichlet function 
Q if gz is irrational, 
D(a) =| 1 if 2 is rational 
is not integrable on any closed interval [a, 0). 


A Indeed, on any arbitrarily smal! closed interval 
[z;-,, 2;] there are both rational and irrational points. 
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If we choose rational &; on all intervals, then J (2;, 5:) = 

b — a; now if all &; are irrational, then J (z;, §;) = 9- 

Alternating these choices as A +0, we find that the 

limit J does not exist. This means that the Dirichlet 
function is nol integrable. A 

3. Verify whether condition (1) of Theorem 2 1s 

fulfilled for the function f(z)=1-+<2z on the closed 
4 


interval [—1, 4] and calculate J= \ (1-+ x) dz as the 
4 
limit of integral sums. 

A According to Theorem 2, for an arbitrary ¢ > 0 
we must indicate a partition of the interval [—1, 4] 
for which S —s<e. 

We divide the interval [—1, 4] into m equal parts. 


On each subinterval [2;_,, x)= | —1 4 (ee 


ae | +=] the continuous function 1+ 2 attains the 


greatest lower bound at the left endpoint of the inter- 
val and the least upper bound at the right endpoint. 
Therefore 


nm Tr 
s= >, m;Az; = >) f(—14—H4) 8 
jest = 7 . 
= 5 8 < 
= le 2, (i—1), 
i= i=! 
ee ee 
$= 2 M , Az; 21 ets - ). = 
7 5 5 25 rn) 
ot ee 
a (=i 
Llence 
7 
S s=3 (2: » (—1)) = =e, 


if n~>25/e, i.e. for this number n of the points of 
division of the interval [—1, 4] inequality (1) is 
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satisfied. This means, according to Theorem 2, that 
4 
the integral i=) (1+ x) dz exists. To calculate it as 


-1 

the limit of inlegral sums, we can consider any sequence 
of integral sums for which A —O since it follows from 
the existence of the integral that the limit of any sequence 
of integral sums exists when the mesh size of the partition 
approaches zero and is equal to f. 

We take, for instance, a sequence of integral sums 
which corresponds to the partition of the interval [—1, 4] 
into n equal parts (i = 1, 2, ...) and to the choice of 
the right endpoints of the subintervals as the points §;. 
In this case, for the increasing function f (x7)=1+<2 
the integral sum is cqual to the upper sum 


nr 
S=)) Si, whence we obtain 


4 n 
Z 1 25 
i= \ (1-+ 2) dx=lim »} = i= lim ona 
n->00 a noo Me 


1 i=1 


4 
Thus (1+2)d2=25/2. - 


= 
4. Prove that the Riemann function 


(2) =| 


where m and n (n > 1) are coprime integers, is integr- 
able on any closed interval [a, )]. 

A We again use Theorem 2. We specify an arbitrary 
€ > and then the function @ (x) satisfies the inequal- 
ilies 


QO if zx is irrational, 
1/n if x=m/n, 


= <p(e) <i 
only at a cerlain finite number A of points. 

This follows from the fact that all rational points of 
the closed interval [a, b], i.e. points of the form m/n, 
can be enumerated in the following order: first points of 
the form m/1, then m/2, then m/3 and so on. The corre- 
sponding values of the function @ (z) al, these points are 
1/1, 1/2, 1/8, ..., i.e, decrease with the passage to each 
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subsequent group of points, the number of points of 
each kind being finite. Thus the number JN of the indi- 
caled points will include those points for which 

>? ayy , whence rn< ooo 
It is clear that the number of such points is finite (let 
it be AN). 

We cover these N points with a finite system of pair- 
wise nonintersecting closed intervals with the total sum 
of lengths smaller than e€/2. We designate the lengths ol 
these intervals as Az:. We have thus obtained a certain 
partition of [a, b]. On the subintervals with lengths Az; 
the oscillations w; of the funclion @ (2) are not larger 
than unity since V2 €la, b] O< (xz) <1. We also 
have a certain finite number of the other subintervals 
(we designate their lengths as A 2zj). The oscillations 3 


of the function @ (xz) on those subintervals do not exceed 


ea Therefore tlie following estimations are valid 


for the partition obtained: 
S—s=)) 0;Az; = wiAri +d otAxt 


hn e at 4 _ & & fs sit 
<1- >) Azj4 Toa 2) Ati< > baggy (ba) = &. 
Thus, using the specified ¢ > 0, we have found a partition 
of the closed interval [a, b] for which S —s < ¢; con- 
sequently, according to Theorem 2, the Riemann function 
(p (ct) is integrable on any closed interval [a, b]. A 
IU 


5. Calculate \ dz 


cos? z(1-+-tan? zx) ° 
0 


A This integral is of the type considered in the Remark 


to Theorem 4 since 
4 
f (2) = cos? x (1-+ tan? 2) 
1 for USa<cn/2, n/2or<cn, 
is not defined for z=2/2. 


Extending the definition of this function to the point 
n/2, say, by continuity, i.c. selling f (1/2) = 1, we get 
{ (xz) =1 VzeEl0, a], and, consequently, the required 
integral is equal to nm. A 
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1V. Problems and Exercises for Independent Work 


1. For given functions, on the indicated closed inter- 
vals, find the upper S and the lower s Darboux sum 
when the interval is divided into n equal parts: (a) f (z) = 
ev 2crx1<3, (bf) =2, O<zr< 10. 

2. Calculate the following definite integrals as the 
limits of integral sums: 

2 
(a) \ a%d2 (it is convenient to divide the interval- 


= 
[—1, 2] into equal parts), 


“ (it is convenient to clioose £. = V2;- X44), 
(c) ™dzx(it is convenient to choose the points of 
division x; such that they form a geometric progression). 


3. Prove that the function f(t) = ——| —| for 
x=£0, {(0)=0, is integrable on the closed interval 


8 


4. Prove that the function f(x)=sgn (sin =) is 
integrable on the closed interval [0, 1]. 


8.2. Properties of the Definite Integral 


I. Fundamental Concepts and Theorems 


1. Properties of the definite integral 


1°. By definition, \ f(a) da == 0 
b 


2°. By definition, ieee — f(x) dz. 


3°, Linearity of the integral. If + (2) and g(x) are 
integrable on [a, b] and @ and £ are any real numbers, 
then. the function af (x) -+ Bg (z) is also integrable on 
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(a, b] and 


b b b 
j af (x) + Bg (x) dx =a | £@) dz+f | ¢@) da. 


4°, If f (z) is integrable on [a, 6], then the function 
| f (x) | is also integrable on [a, b] and 


b 


| \ # (2) dz <| lf (x)| dz (a<b). 


o°. If f (x) and g (zx) are integrable on [a, b], then the 
function f (x) g (x) is also inlegrable on [a, DI. 
6°. If f (x) is integrable on [a, b], then it is integrable 
on any closed interval [c, d] <[a, )]. 
7° Additivity of the integral. If f(z) is integrable 
on [a, c] and on [c, b], then it is also integrable on [a, 0], 
and 
b b b 
\ f (x) dz+ \ f (x) da = \ f (a) da. 


a a a 


In that case the position of the point c may be arbitrary 
relative to a and Db. 

In properties 8°-10° we assume that a< b. 

8°. If f(x) is integrable on [a, b] and f(x)>0, then 


b 
\ f(x) dz>0. 


9°. If f(z) and g(z) are integrable on [a, b] and 
b b 
/ («)> g(x) VxE[a, b], then \ f@) dz> \ g(x) dz. 


10°. If f(x) is continuous on [a, b], f(x)>0, and 
b 


f (x) 540 on [a, b], then JK >O such that f(z) dzaSX. 
2. Mean value formulas pan ble 
Theorem 6, Assume that f (2) and g (x) are aay _ 

on la, 6], g(t) >0 (g(a) <0) Wr Ela, oe, ber 

sup f (2), m — inf T (2). Then there is a num 
fa, b} [a, bj 
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wu Elm, A] such that 


b 


\ F(2) g(x) da=p 


al 


—_ 1. If we set g (x) = 1 in formula (4), then 


g(x) dz. (1) 


f (x7) dz=pw(b—a), where wE[m, AY]. (2) 
1 


b—a 


The number p= f (x) dz is the mean value cf 


R Cues 


the function f(x) on the closed interval [a, J]. 
Corollary 2. Jf the conditions of Theorem 6 are fulfilled 
and the function f (x) is continuous, then JE Ela, bd] 
such that 
° 7 
\ f@) g(a) dz=7(® | g(a) de. (3) 


Qa 


Corollary 3. Jf f (x) is continuous on [a, b], then JE E 
[a, b] such thal 


| f (x) de =f) b—a), (4) 


II. Control Questions and Assignments 


1. Enumerate the properties of the definite integral 

2. Does the integrability of a sum imply the integrabil 
ity of the summands? Give examples to substantiate the 
answer. 

3. Consider similar questions concerning the differ- 
ence, the product and the quotient of two functions. 

4. Is the sum of two functions inlegrable if one sum- 
mand is integrable and the other is not? 

5. Consider similar questions concerning the differ- 
ence, the product and the quotient of two functions. 

6. Is the sum of two nonintegrable functions integr- 
able? Give examples to substantiate the answer. 

7. Consider similar questions concerning the differ- 
ence, the product and the quotient of two nonintegrable 
functions. 
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8 It is known that |/f (x) | is an integrable function. 
What can you say of the integrability of / (2)? Give 
examples. 

9. Assume that f (x) is integrable on [a, c] and non- 
integrable on [e, b]. What can you say of ils integrability 
on la, 

b 


140. It is known that \ f(z) dz>=0. Does it follow 


that f(z)>0 Vxe€l[a, b]? Give examples. 


Ub 


b 
{1. It is known that \ f(z) dz> | e@) dz. Does it 


follow that f(z)sS>g(z) Vx€[a, b]? Give examples. 
12. Give several variants of the mean value formula. 
Under what conditions does it hold true? 


III. Worked Problems 


1. Prove that the sum, the product and the quolient 
of two nonintegrable functions. can be integrable. 
A Let f(z) = 2-+4+-D (x), g(t) =24 D (x), where 


5 0 if x is an irrational number, 
x)= ; 
(x) 1 if xz is a rational number 


(i.e. D (x) is a Dirichlet function). 

Recall that the function D (zx) is nonintegrable (see 
Example 2 in 8.1). The function f (x) = 2 -+ D(z) is 
nol integrable either. Indeed, if we assume that f (2) 
is integrable, then the difference of two integrable func- 
tions f (vy) — 2 =D (x) must be integrable according to 
property 3°, but this contradicts the fact that D (x) is 
nonintegrable. Since g (z) =f (x), it follows that g (z) 


is nonintegrable. Let us consider the function 
{ 1/2 if x is an irrational number, 
h (x) 


~"g(z) | 4/3 if x is a rational number. 


This function is not integrable cither. The proof is similar 
to the proof of the nonintegrability of a Dirichlet fiunc- 
Lion. 
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We set up the sum, the product and the quotient of 
nonintegrable functions: 


Fy (2) =f (2) + (—g (2) =0, 
Fy (ct) =f (2) h (zt) =1, 
Fy (2) = f (alg (2) =1. 


Being constant, the functions /,, F, and F, are integrable 
on any closed interval [a, b]. Thus the integrability 
of a sum or a product does not imply the integrability 
of the summands or factors. A 

2. Prove that the product of the integrable function 
{ (x) by the nonintegrable function g (z) may be (a) an 
integrable, (b) a nonintegrable function. 

A (a) Let us consider, for example, an integrable func- 
tion f(z) =0 and a nonintegrable Dirichlet function 
D (x) on [a, b]. Since f (x) D (x) =0, it follows that 
{ (z) D (z) is an integrable function on [a, 6]. 

(b) Let f (x) =2 and g (x) =D (x) on [a, 5]. Then 
f (x) g(x) = 2D (x) is a function nonintegrable on 
[a, bd]. 

3. Find the mean value of the function on each of the 
indicated closed intervals: (a) f (x) = cos z on [0, 3x/2], 
(b) f (z) =sgnz on [—4, 2] . 

A We seek the mean values p using formula (2): 

32/2 
(a) —— \ cosxdzr= 2. Note that the con- 
0 


tinuous function cosz assumes the value p=— 2/(3n), 
namely, cos §=—2/(3n), at the point §=arccos 
( g )e[o, saa of the closed interval [0, 32/2]. 


Bt 


2 

(b) nso \ sgn 2dt=—. In this case the discon- 

tinuous function sgnz does not assume the value 
u=1/3 on the closed interval [—1, 3]. A 


IV. Problems and Exercises for Independent Work 


5. Prove that the sum of an integrable and a non- 
integrable function is a nonintegrable function. 

6. Find out whether the following functions are inte- 
grable on the closed interval [0, 4]: 
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(a) f; @@®) =, (b) 8 (z) = tx, (c) f, (%) + 2; (), 
(d) fy (x) gy (), (e) fe (@) = V2, (f) fe () & @). 
7. Let 

for —2<.7<0, 


; 4 
i(2) =| D(x) for 0<r<2, 


where D (zx) is a Dirichlet function. Is the function f (z) 
integrable on the closed intervals [—2, 2], [—2, —41], 
font Ale 11, 21P 
b 
8. Let there exist \ \f(z)| dz. Does it follow that 


the function f(z) is ‘integrable on the closed interval 
[a, b]? Consider the example 


1 if x is a rational number, 


={ _, 


9. Assume that f (7) = sin z, g (x) = 0.5 sin x and that 
(a) OS ran, (b+) OS 2< 3/2. In which case are 
the conditions of property 9 satisfied? 

10. Find the mean value of the function on each of the 
indicated closed intervals: 

(a) f(z) =sinz on [0, mk, [0, 2m}, Ie, o + 2a, 
(Po, Po + 1 

(b) f ae ‘sgn on [—2, —4], [—2, 4], [—4, 3], 
[—2, 2], 2I. 

Is the ~— value of the function on each interval 
one of tlie values of the function on that interval? Explain 
why in some cases the answer is positive and in the other 
negative. 

11. Find the mean value of the function on each of the 
indicated closed intervals: 


(a) f (x)= Vx on [0, 4], [0, 10}, [0, 100], 

(b) f (x) = 10 + 2sinz + 3cosz on [—n, a}, 

(c) f (x) = sin sin (x + g) on [0, 2a]. 

12. Find the mean value of the velocity of a body 
falling freely from the altitude 2 with the initial velocity 
Dy: 

13. The strength of an alternating current varies accord- 
ing to the law 


if x is an irrational number. 


t=i,sin( +9), 
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where i, is the amplitude, t is time, 7 is the period and 
(p is the initial phase. Find the mean value of the square 
of the current strength: 

(a) on the interval of time [0, 7’'J, 

(b) on the interval [0, 7/2] (the period of the function 
is i (t)), 

(c) : the arbitrary interval [0, ¢)] and the limit of 
that mean value as tf, — oo. 


8.3. Newton-Leibniz Formula 


I. Fundamental Concepts and Theorems 


4. The antiderivative of a continuous and a piecewise- 
continuous function. Let the function f (z) be integrable 
on the closed interval [a, b]. The function 

F(x) = \ f(t)dt (a<x<b) 


a 


is an integral with a variable upper limit. 

Theorem 7. The function f (x) continuous on the closed 
interval [a, b] has an antiderivative on this interval. One 
of the antiderivatives is a function 


x 


F(z) = | f(t) dé. (1) 

Remark. An integral with a variable upper limit is 
defined for any function f (x) integrable on [a, b]. How- 
ever, for the function F (zx) of form (1) to be an antideriv- 
ative for f (xz), it is essential that the function f (z) be 


continuous. 
Here is an example which shows that an integrable 


function may have no antiderivative. Let 
1 for 2>0, 
f(z) =sgnz= 0 for x=0, zxE[—1, 1]. 
—i1 for r<0. 


This function is integrable on the closed interval [—1, 4] 
since it is piecewise-continuous, but, as was pointed 
out in Chapter 5, has no antiderivative. Indeed, any 
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function of the form 

—az+C, for <<0 
F(z) = 
xr+C, for <>0, 


where C, and C, are arbitrary numbers, has an antider- 
ivative equal to sgn x for all x ~ 0. But even “the best” 
of these functions, i.e. the continuous function F (z) = 
|z|+ C (if C, = C, = C), does not have an antideriv- 
ative for z = Q. Therefore the function sgn z (and, in 
general, every piecewise-conlinuous function) does not 
have an antiderivative on any interval containing a 
point of discontinuity. 

Here is an extended definition of an antiderivative 
er is suitable for piecewise-continuous functions as 
well. 

Definition. The function F (x) is an antiderivative of 
the function f (x) on the closed interval [a, b] if: (1°) F (z) is 
continuous on [a, b], (2°) F’ (x) =f (x) at the points of 
continuity of f (x). 

Remark. The function f (z) continuous on [a, }] is a 
special case of a piecewise-continuous function (“a piece 
of its continuity” coincides with the whole interval [a, b]). 
Therefore for a continuous function the extended defini- 
tion of an antiderivative coincides with the old definition 
since F’ (x) =f (x) Vz €l[a, b] and the continuity of 
F (x) follows from its differentiability. 

Here is an example of a function which has an anti- 
derivative in the “new” sense and has no antiderivative 
in the “old” sense. The function f (z) = sgnz had no 
antiderivative in the “old” sense on [—1, 1] whereas in 
the “new” sense the function F (z) = | z | is its anti- 
derivative since it is continuous on [—4, 1] and F’ (x) = 
f (x) for x 0, i.e. everywhere except for the point of 
discontinuity z = 0. 

The significance of the extended definition of the anti- 
derivative is clear if we consider the following result 
which retains Theorem 7 with the “new” definition of the 
antiderivative for piecewise-continuous functions. 

Theorem 8. The function f (x) piecewise-continuous on 
the closed interval [a, b] has an antiderivative on this 
interval in the sense of the extended definition. The 

x 


function F (x) = ) f(t) dt is one of the antiderivatives. 


a 
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2. Newton-Leibniz formula 
Theorem 9. For piecewise-continuous functions the 
Newton-Leibniz formula 
b 
| f(@)dz=F )—F (a), 


a 


holds true, where F (x) is an antiderivative of the function 
f (x) on [a, b] in the sense of extended definition. 

2 2 
For example, | senzdz=|z| | =2—1=1. 

1 -1 


3. The method of a change of variable 

Theorem 10. Let 

(1°) f (x) be defined and continuous on [a, b], 

(2°) x = g(t) be defined and continuous, together with 
the derivative on [a, B)],. where g(a) = a, g (B) = b and 


ax<g(i)<b. 


b B 
Then \ f (2) dz = \ f (g (¢)) g (#) dt. 


4. The method of integration by parts 
Theorem 11. /f f(z) and g (x) have continuous deriv- 
atives on [a, bj, then 


b b b 
| f @) 6" (x) dx =f (2) g(x) | — $f) ¢(@) da. 


II. Control Questions and Assignments 


14. What is an integral with a variable upper limit? 
For what integrand functions is it an antiderivative? 

2. Give an extended definition of the antiderivative 
which is suitable for piecewise-continuous functions. 

3. Under what conditions does the Newton-Leibniz 
formula hold true? 

4. The function f (rz) is known to have an antideriv- 
ative on la, b]. Is f (z) integrable on [a, b]? Consider 
an example f (x) = F’ (x), where 


r -{ 2* sin ({/x) for 2=40, 
ae 0 for z=0, xzE€[—1, 4]. 
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o. Enumerate the conditions under which (a) the 
formula for a change of variable and (b) the formula for 
integration by parts hold true. 

6. By means of what substitutions can the integrals 
which contain (a) linear fractional irrational expressions 
and (b) quadratic irrational expressions be calculated? 

7. What kinds of integrals can be conveniently cal- 
culated by means of trigonometric substitutions? Give 
examples. 

8. What kinds of integrals are convenient for evalua- 
tion by integration by parts? Give examples. 


III. Worked Problems 


x 
{ cos (é2) dé 
1. Find lim -———_ , 


x—0 
A This integral is an indeterminate form 0/0. The 
x 


integral with a variable upper limit | cos (t?7)dé is an 


0 
antiderivative of the continuous function cos 22, i.e. 


x 

( | cos (¢?) dt} = cos (z*). Therefore, applying L’Hospi- 
0 ; 

tal’s rule, we obtain 


( cos (t?) dt 
lim 2——- = Jim 298) — 4. 
x 1 


x—>0 x0 


Note that an antiderivative of cos (z?) is not an ele- 
x 


mentary function, i.e. | cos (t?7) dé cannot be expressed 


0 
in terms of elementary functions. This, however, has not 
prevented us from calculating the required Jimit. £ 

2. Find an antiderivative of the piecewise-continuous 
function 


for |z| <1, 


f(2)= | QO for |zx|>41, i 
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A. One of the antiderivatives is an integral with a 
variable upper limit, and we can take any number, say, 
x = —2, as the lower limit of integration. Thus 


x 


F (x)= \ f(tae 


=2 
0 for rx —ti, 


zx+1 for —ix<r<ci, (Fig. 15). A 
2 for zi, 


coszdz 
V 1—sin? x 


a 

3. Calculate J= \ 

0 

A ist technique. The integrand f (x) is not defined at 
the point z = 2/2. We divide the closed interval [0, =] 


F(x) 


Vig. 15 


in two: [0, 2/2] and [x/2, x]. Setting f (n/2) = 1 on the 
firsL interval, we obtain an integral of the continuous 
function f = 1: 


On the second interval we set f (m/2) = —1 and again 
obtain an integral of the continuous function f = —1: 
zt It 
I,= | (-1)d2=—2 | Sao: 
m/2 mu/2 


Fhe final result is 7, + 7, = 0. 
2nd technique. We use the extended (lefinition of the 
antiderivative. The function F (x) which. satisfies this 
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definition has the form 
x for OSz<n/2, 


(a) =| m—ax for n/2<7<0. 


Indeed, F (x) is continuous on [0, x] and F’ (zx) = f (2) 
Vz E€l0, xa], c~n/2, ie. F’ (x) = f (x) at the points 
of continuity of f(z). (Recall that x = x/2 is a point 
of discontinuity of f (z).) 

In accordance with the Newton-Leibniz formula valid 
for piecewise-continuous functions and for the extended 
definition of the antiderivative, we obtain 


14 


I= \ f(x) dz=F (2) =N—Z|x-n—Tly)=0. A 
0 0 


The following two examples show that a formal appli- 
cation of the Newton-Leibniz formula (i.e. the use of this 
formula without due account of the conditions of its 
applicability) may lead to errors in the result. 

1 


ae . Taking the function 


4, Consider an integral lcs 
. a 


F (x) =Y = as an antiderivative of the integrand function 


f(x) =1/(2 Vx) and using formally the Newton-Leibniz 
formula, we obtain 


ve 7 -y3| = 


However, this result is incorrect since the function 
f(z) =1/(2 Vz) is unpounded on [0, 1] and, conse- 


quently, the integral \ does not exist. 


Te 


9. Consider an titeeral 


At first sight the function arctan (1/z) may seem to 
be an  antiderivative of the integrand function 


4 gs 58 
4, (arctan —) and then, from the Newton-Leibniz 
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formula, we obtain 
4 a 
I = arctan — | = p-(- 2: _ 
z 4 


However, this result is incorrect since the function 
arctan (1/z) is not an antiderivative of < (arctan =} 


on the interval [—1, 1]. Indeed, Fig. 16a shows the graph 
of the function arctan (1/z). It can be seen that the function. 


arctan 


(Q) 
Fig. 16 


has a discontinuity of the first kind at the point = 0 

whereas the derivative must be continuous at al! points 
according to the definition itself. 

To calculate the integral J, we note that the integrand 

function 

1 
+ (arctan —) | 1+ x? 1OE aU 
is not defined for 7=0. 


Extending the definition of this function to the point 
x = 0 by continuity, we get a continuous function 


f (x) = a xre€[—1, 1]. 


The function / (x) = —arctan x is an antiderivative of 
f (a) and, therefore, from the Newton-Leibniz formula, 
we have 

i 


J = —arctanz =~ F+(-7)=-F 
I 5 7 a 
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Note that we can also construct an antiderivative for 
f (z) using the function arctan (1/z), namely, 


arctan (4/2) for —1<27<0, 
@ (x) = —> for r=0, 


arctan ({/z)—n for O0<zr<cl. 


The graph of @ (z) is shown in.Fig. 166. From the Newlon- 
Leibniz formula we obtain 


j 2: 


{ 
ay | 
4. Using an appropriate change of variable, calculate 
Le \ a2 V a®— x dz. 
0 


We set x =asint, O<t< n/2. Such a change of 
variable satisfies all conditions of Theorem 4. Since 


Va? — 2? =acost, dx =acostdt, it follows thal 
U/Z t/2 
: 9 a‘ er 
=a‘ { sin? ¢ cos* ¢ dt aa | sin? 2tdt 
0 0 
m/2 m/2 
a’ 
= \ (1— cos 4t) dt= = ; (t——L sin 41) Al ) |= 
0 0 
The example that follows shows that a formal appli- 
cation of the formula for a change of variable (without 
due account of the conditions for its applicability) may 


lead to an incorrect result. 
7. If we perform a formal change of variable x= 1/t 


in the integral I= | a> and write 
4 ( dt 
ess sia A gees eres, ee 
I= | { (=) aoe j 1+ 2» (2) 
= 4 PSs -1 


we evidently get a wrong result. 
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The error is due to the fact that the variation of z on 
the closed interval [—1, 1] is associated with the variation 
of t — 1/x not on the interval [—1, 1], as is written in 
relation (2), but on the union of the half-lines (—oo, —1] 
and [1, -+oo). Thus the indicated change of variable 
does not satisfy the requirements of Theorem 4. 

2m 


dz 
8. Calculate J= \ T+0,5 cosz . 
0 
Fe, eeitees oo. { 
A The integrand function f (z) = Tho5eosa '8 


continuous on the closed interval [0, 2x] and, consequent- 
ly, has an antiderivative. An appropriate change of 
variable for finding an antiderivative of the function 
f(z) is ¢ = tan (z/2) (see Chapter 5). However, when 
we seek the integral J, such a change of variable does not 
satisfy the conditions of Theorem 4 since the variation 
of t on some interval does not correspond to the variation 
of x on the interval [0, 2x], i.e. ¢ = tan (2/2) — -}-00 
(—oo) as r+ —O (xn + 0). Therefore we use the 
indicated change of variable to find the antiderivative 
of the integrand function. We consider the indefinite 


] Og dz j = . y) 
integral \ rer RT The change of variable ¢=tan (2/2) 


is permissible for it on each of the intervals O<r<a 
and m <x < 2n. 
In the first case the inverse function is z= 2 arctan t 


(9<t< -J- 00), in the second case it is ; = 2 (n-+ arctan f) 
— i? 2dt 
(—oco<tt<0). In cach case cost= 7a df= Fre, 


and we obtain 


® (2) = sss =! | se ames 
= —y arctan (-Fe tan} +C 
For any constant C, the function (2) is an antideriv- 
ative of f (x)= s on the intervals [0, 1) and 
1-+—>- COS x 
(x, 2]. Since it has a discontinuity of the first kind 
at the point z=, i.e. D (x +0)—O (n—0) = — 


it follows that @(z) is not an antiderivative of 
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1 
i (@)= Types on the whole closed interval [0, 2m]. 


However, using ®(z), we can now easily construct an 


antiderivative for f(z) on the whole interval [0, 2z]. 
We set 


4 1 x 

73 arctan (5 tan-) for O<z<a, 
F(z) = a for z=2, 

<2 1 Zz An 

moe (7s tan a) +75 for nC r<c2n. 


We have thus taken C = 0 on[0, x], extended the defini- 
tion of @ (x) (for C = 0) to the point z = x by continuity 
from the left and have taken C = 4n/Y3 on (mn, 2n). 
We have got a function F (x) whose derivative is equal 
to the function f (x) at all points of the interval [0, 2a], 
the point x = x inclusive (prove this fact for the point 
x = x yourself!), i.e. F (x) is an antiderivative of f (x) on 
(0, 2x]. From the Newton-Leibniz formula we have 


2m 
4 j 
I =F (2) | =F (2) —F (0) = 7 —0= a A 
0 


Remark. We could have divided the integral J into 
av It 


2 
two integrals [= \ f(z) dz+ | f(2) dz and use the 
n 


0 
fact that the antiderivative of f (x) on [0, x] is the function 


o 


1 
—— arctan (F tan 5 


) for OS r<cQ, 
PAL 
—— for c=, 
V3 
and on [n, 22] the function 


4 _arctan (, tan =) for n< t<2z, 


-_ for r= 
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(F, (x) results from ® (z) for C = 0 when the definition 
of @ (zx) is extended lo the point x = a by continuity 
from the left and /’, (z) from the right). In that case, 
applying the Newton-Leibniz formula to each of the 
integrals, we obtain 


It 2m 
I=F,(«)| + F, (2) | =F, (a) — Fy (0) + F, (20) — F2 (a) 
0 It 
_ 2x an \ 4a 


e 


9. Calculate J = \ [In x| dz. 
i/e 
A Dividing the integral J into the sum of integrals 
over the closed intervals [1/e, 1] and [4, e] (to get rid 
of the absolute value) and using, in each case, the formula 
of integration by parts, we obtain 


| e 
I=— \ Incdx+ | Inzdz 
t/e 1 
4 1 G e 
=—slnz| ao | dz+alnz} — | dz 
i/e i/e 1 4 
aia ta Sin eden ine sees UY ic 


10. Evaluate J = | sein? as 
0 
A We use the formula for integration by parts: 
d (cos z) 


aT at 
f=— Os T+cos? 2 —_— \ dz (arctan (cos ))) 


it it 
= —Z arctan (cos x) | -|- \ arctan (cos x) dz 
0 0 
It 


ee (—7)-047,=847, 


rm 
where J,= \ arctan (cos x) dz, 
8 
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To find f,, we make note of the fact that the graph of 
the function f (x) = arctan (cos x) is centrally symmetric 
with respect to the point (/2, f (m/2)) = (x/2, 0). There- 
fore the integrals of this function over the closed intervals 
(0, 2/2] and [x/2, x] are equal in absolute value and 
opposite in sign, and, hence, their sum is zero, i.e. J; = 
O. We can also establish this fact as follows: we divide 
the integral J, into two integrals over the intervals [0, 2/2] 
and [x/2, x] respectively and make a change of variable 
x = x —tin the second integral. We obtain 


/2 1 
f= \ arctan (cos z) dx-+ \ arctan (cos z) dz 
m/2 
m2 0 
= i arctan (cos x) dx + \ arctan (— cos zt) (— dt) 
0 t/2 
m/2 1/2 
= \ arctan (cos x) dz— \ arctan (cos t) dt = 0. 
0 0 


Thus J, = 0 and therefore J = 72/4. ~@ 


IV. Problems and Exercises for Independent Work 
14. Find the following derivatives: 

ae b 
(a) on \ sin (t?) dz, —_(b) _ \ sin (x?) dx, 


a 
xt 


(c) j sin (2%) dz, (a) 4 | Vt+e ar; 
0 


a 


a ty at dt 
(e) “Ar V1+2 dz, f) —- am 
az | (f) i | Viste’ 
de (da afr dé .. d ¢ dz 
Pas ; ipa ae } Vrpa "ar | Vi-Fas 
x3 
x 3 


., d dt d dt 
) a ! VIF” (i) a /x23—n’ 
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15. Calculate the following integrals: 
sinh 2 


dz f 
—————— {— l ‘ 
(a) Ta’ (b) j1— az] dz 


sinh 1{ 


1 
dz 


(c) j z*—2zcosa+1 
-1 


16. Explain why a formal application of the Newton- 
Leibniz formula leads to wrong results and, using an 
antiderivative of a piecewise-continuous function or 
dividing the integration interval, calculate the following 
integrals: 

™ dz d 1 
(a) cos?z(2-+tan?z) ’ (b) | as ( 4--2'/x dz. 


O<a<n). 


2 
17. Let us calculate \ f@) dz, where f(z) = 
0 
x2 for Oxr<cl, fags ee 
9—2 for 1<2<2, employing two techniques: 
(a) using the antiderivative of f (x), constructed on the 
whole closed interval [0, 2], (b) dividing the interval 
(0, 2] into the intervals [0, 4] and [1, 2]. 
18. Applying the formula for integration by parts, 
calculate the following integrals: 
In 2 25 f 
(a) | xe* dz, (hb) | zcosxdz, (c) | arccos x dz. 
0 0 : 0 
49. Applying an appropriate change of variable, cal- 
culate the following integrals: 


0.75 
zdz dz 
(a) 5 V5—4z ’ (») (c+1) Yxt+i ’ 
ot pe t arcsin }/ z 
(c) | ve —T dz, @) | Ss 


3 
90. Can we calculate the integral \ eV1—# as 


py the change of variable x=sin ¢? 
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21. Find out whether, when calculating the integral 
1 


\ Vi—zx2dz by changing a variable xsin¢, we can 
0 
take, as the new limits of integration, the numbers (a) % 
and 1/2, (b) 2m and 5/2, (c) m and 5/2. Calculate the 
integral in each case when this change of variable is 
permissible. 

22. Prove that the following equalities are valid for 
the function f (z) continuous on [—1, J]: 

l 


(a) \ f (xz) dx=2 \ j (x) dz if (x) is an even function, 
—1 


0 
l 


(b) \ f(x) dx=0 if f(2) is an odd function. 
ai 
Illustrate this fact geometrically. Find out whether 
these equalities hold true if f (z) is integrable on [—l, /] 
“but not necessarily continuous. 
_ 23. Prove that one of the antiderivatives of an even 
function is an odd function and every antiderivative of 
an odd function is an even function. 
24, Calculate the following integrals: 
1 e 


(a) a » (db) \ (x In x)* dz, 
1 1 
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3 
: x dz 
(c) \ arcsin V 1+2 dz, (d) \ (2-+cos x) (3-+- cos x) ’ 
0 0 


IU 
(e) \ sinzsin2z¢sin3zdz,_ (f) \ (x sin x)? dz. 
0 0 
25. Employing Euler’s formula 


oi —cosx+isinz (iis an imaginary unit number) , 


prove that 


0 for m=", 


2m d 
_inx. pim% dy — 
-€ 
je | 29 for m=?” 
0 


208 


b b 


( use the equality \ [f (x) + ig (x)]) dz = \ f (x) dz + 


Q 
b 


t \ g (x) dz } . 


26. Show that 


( erie: . eet et 
Bet px ee 

brags — oO e 

a 


(use the equality e@+iB)x — e%*. etBx), 


27. Using Euler’s formulas 
ae ee Me ete. te 
cosr=—> (e+e), sinz= > (e*—e™), 


calculate the integrals 
m/2 os 


smo an sin nz 
(a) | sin zcos?”zdz, (b) \ sng it 
0 


(c) 


at 
cos” xcos nz dx, \ sin” zsin nz dz. 
0 


8.4. Calculating the Length of 
Plane Curves 


I. Fundamental Concepts and Formulas 


1. The length of a curve. Consider, on the plane, a curve 
L defined by the parametric equations 


x=p(l), y=wp(t, eaext<B, (1) 


Where ~ (t) and w(t) are functions continuous on the 
closed interval [a, BI, different values of ¢ € [a, B] being 
associated with different points (z, y) (i.e. there are no 
multiple points). Such a curve is known as a simple 
(plane) open curve. 

If the points A (p (a), p(a)) and B (@ (fp), ap (B)) 
coincide and the other points are not multiple, then the 
curve L is called a simple closed curve. 
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tet L be a simple (closed or open) curve delined by 
equations (1). We consider an arbitrary partition of the 
interval [o, BP] by the points a@=—t,<t,<t,<... 
ae 6. . 

It is associated with the partilion of the curve L by the 
points A = M,, M,, M., ..., M, = B, where M; = 
M (9 (t;), p (é;)). We inscribe a polygonal line AM,M,... 
B into the curve L, designate the length of the polygonal 
line as 1(M;) and set At = max (t; — t;-,). 


i<i<n 

Definition. The number 1 is the limit of the lengihs of 
the polygonal lines 1(M,;) as At +0 if Ve>0O 36 > 0 
such that the inequality 0<.1—1(M;) <e holds true 
for any partition of the interval [a, B] for which At < 6. 

Definition. If there is a limit of the lengths of the poly- 
gonal linesas At +0, then the curve L is said to be recti- 
fiable and the number 1, the length of the curve L (or the 
are length of the curve L). 

2. The length of a curve represented parametrically 

Theorem 12. Let the simple curve L be defined by the 
parametric equations x= p(t), y=wp(t) a<t<f, 
the functions p(t) and  (t) having continuous derivatives 
on the closed intervalla, B]. Then the curve L is rectifiable 
and its length can be found from the formula 


B 
l= \ Vo? FPR dt. (2) 
The function 
t 
L()=\ Vo?@+er at (3) 


expresses a variable arc. 

3. The length of a curve in Cartesian coordinates. If a 
curve is defined by the equation y = f(z), a<z < b, 
the function f (z) having a continuous derivative on the 
Closed interval [a, 6], then the Jength of the curve can be 
found from the formula 


b 


l= | V14-F?(@) dz. (4) 


a 


4. The length of a curve in polar coordinates. If a curve 
is defined by the equation 9p = 0 (9), 9} M P< Po, with 
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the function p (~) having a continuous derivative on 
the closed interval [g,, 9.], then the length of the curve 
can be found from the formula 


"3 
l= \ Vp?(9)- +p? (@) dg. 
P1 


If a curve is defined by the equation p = @ (0), P) < 
O<p., wilh the function ~ (ep) having a continuous de- 
rivalive on the closed interval [p,, Pol, then the length 
of the curve can be found from the formula 


Ps 
b= | V 1-+- pp’? (p) dp. 
P1 


IT. Control Questions and Assignments 


1. What is a simple open (closed) curve? 

2. Give the definition of the limit of the lengths of 
polygonal lines as At +0. 

3. What is a rectifiable curve? 

4, What is the length of a curver 

5. What formulas can be used to calculate the length 
of a curve (a) represented parametrically, (b) in Cartesian 
coordinates, (c) in polar coordinates? 

6. Give examples of rectifiable curves. 

7. Is a straight line a rectifiable curve? 

8. Is a circle a simple curve? 


III. Worked Problems . 
1. Find the length of the parabola y = z?,0OSzr< 2. 
A From formula (4) we obtain 
2 
l= | V1F4e% de =V17+71n(44+V17). 
0 


2. Find the length of one segment of the cycloid z = 
a(t —sint),y=a(i—cost),0O<iti< 2n. 
A From formula (2) we obtain 


270 
feaa | V (cos? sin? ¢ dt = 8a. A 
0 
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8. Find the variable arc of the ellipse: « = acost, 
y=bsint,Oxt<2an,a>bD. 
A From formula (3) we obtain 
f a ee a ee era l 
L(t)=a \V 1 = — sin’ ¢t dt=a\ V1 —e*sin?i dé, 
0 0 
where & = ) a? — b?/a is the eccentricity of the ellipse. A 
Thus the variable arc of the ellipse is expressed by an 


integral which is known as an clliptic integral of the 
second kind: 


t 
l(t) =-a V te? sin?tdt=ak (e, t). 
0 


This integral does not possess an elementary antideriv- 
ative but is widely used in mathematics. Its name fol- 
Jows from the problem we have just considered. 

If ¢ = a/2, the integral equals a quarter of the length 
of the ellipse. In this case the elliptic integral E (e, 1/2) 
is a complete elliptic integral which is written as £E (e). 


IV. Problems and Exercises for Independent Work 
28. Find the lengths of the curves defined by the 
equations 


(a) y= 22 OS r<4), 
2 1 
(b) c=" —ZlIny (1<y<e), 
(c) y=Incost (<a<a< m/2), 
0 

(d) y= I ay (VS 2r<5a/3), 

(e) 27/8 4. 2/8 = al®, (f) x = costt, y = sintt, 

(g) ct =a (t —sint), y=a(i—cost) (09<t< 8n; 
pay attention to the integration limits), 

(h) p = ap (0< @ < 2n) (Archimedes spiral), (i) p = 
a (i -+ cos g), 

(j) p = a sin® (9/3), (k) p= Vp O<p<5). 

29. Prove that the length of the ellipse a a cost, 
y = Osint is equal to the length of the sine curve y = 
esin (z/b), OS a2< 2n/b, c= Va? — BW Give a geo- 
metric illustration of this result by connecting the lengths 


of the ellipse and the sine curve with the section of a 
cylinder. 
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8.0. Calculating the Areas of 


Plane Figures 


J. Fundamental Concepts and Formulas 


14. The area of a plane figure. A plane figure is any 
bounded set of points of the plane. 

Assume that a polygonal figure is inscribed into a given 
figure and a polygonal figure is circumscribed about the 
given figure, the polygonal figure being a figure consisting 
of a finite number of triangles. 

The set of areas of all inscribed polygonal figures is 
bounded from above (by the area of any circumscribed 
figure) and the set of areas of all circumscribed polygonal 
figures is bounded from below (say, by zero). 

Definition. A plane figure is squarable if the least upper 
bound P of the set of areas of all inscribed polygonal figures 
is equal to the greatest lower bound P of the set of areas of 
all circumscribed polygonal figures. 

The number P = P = P is the area of the plane figure 
(in the sense of Jordan). 

Theorem 13 (the sufficient condition for squarability). 
For a plane figure to be squarable, it is sufficient that its 
boundary be a rectifiable curve. 

2. The area of a plane figure in Cartesian coordinates. 
Assume that a plane figure is a curvilinear trapezoid 


Fig. 17 


bounded hy the continuous curves y = f, (z), y = fs (2)s 
a<u<b, where y, (2) < y2 (x), and two line segments 
x= a,x = b (Fig. 17a). The line segments may degener- 
ate into a point (Fig. 17b). Then the area of the figure 
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can be found from the formula 
b 


S= \ [fo (x) — fy (x)] dec. (1) 


a 
3- The area of a plane figure in the case of the para- 
metric representation of its boundary. Assume that the 
boundary of the plane figure G is a simple closed curve 
defined by the parametric equations x = ¢p (t), y = »p (2), 
O<t< 7, and when ¢ varies from 0 to 7 the point 
(p (4), p(t)) traverses the boundary of G so that the 


Fig. 18 


figure G remains to the left of the moving point. Then 
the area of the figure G can be found from any of the 
following formulas: 

f 


Sa: — \ p(t) —p’ (t) dé, (2) 
r () 

S= | p(t) w’ (t) dé, (3) 
3 

S= > \ lov O—¢' (vlads. (4) 
0 


4. The area of a plane figure in polar coordinates. 
Assume that a plane figure is a curvilinear sector bounded 
by the continuous curve p = p (¢), Q Sp > g, O< 
Po — Py Sen, and the segments mp = gq, and gw = Py 
of rays (Fig. 18a). The segments of rays may degenerate 
into a point O (Fig. 18b). Then the area of the figure can 
be found from the formula 

P: 


=> \ p? (@) dg. (9) 
Q1 
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{T. Control Questions and Assignments 


. What is a plane figure? 
. What is a squarable figure? 
. What is the area of a plane figure? 
. What formulas can be used to calculate the area of 
a figure (a) in Cartesian coordinates, (b) in the case of 
the parametric representation of the boundary, (c) in polar 
coordinates? 

Dd. Give examples of squarable figures. 

6. Is the plane a squarable figure? 

7. Is a straight line a squarable figure? 


Ws OO N= 


III. Worked Problems 


1. Find the area of the figure bounded by the curves 
A. The curves meet at two points (Fig. 19). Solving 
Lhe equalion 3 — |z | = | xz — 1 |, we find the abscissas 


Fig. 19 Fig. 20 


of these points: t= —1, « = 2. Therefore 
S= | (3—|x|—|z—1)) de. 
4 


We divide the integral into three integrals over the closed 
intervals [—1, 0], [0, 4], [1, 2] respectively. We obtain 


0 1 
S= | (8+2)—(—a)dz+ | (8—2)—(1—2)] de 


1 0 


+ \((8—2)—(2—1)]de=14241=4. 2 


a ee Ce 
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2. Find the area of the figure bounded by the astroid 
e/3 + y?/3 — a*/>® (Fig. 20). 

A Setting z = acos*t, y=asin?t, OM t< 2n, we 
arrive at the parametric equations of the astroid (the 
parameter ¢ plays the part of the polar angle of the point 
(xz, y) on the astroid). From formula (4) we get 

2m 
cS \ [a cos? t-3a sin? tcos t+ 3a cos*tsint-asin?¢] dé 


2 
0 


27 
a a2 \ sin? ¢ cos’ t di == = ma. A 
0 


Remark 1. The symmetric formula (4) has Ied here to 
an integral simpler than that which would result from 
the application of formula (2) or (38). 


AY 
a 


4 x 
Fig. 21 


Remark 2. Note that the integral taken over the closed 
interval [0, 2/2] 


3a2 3 

a* |) ole 2 eee 

> \ sin? ¢t cos? ¢t dt ay Ta 
0 


specifies the area of the part of the figure which lies in 
the first quadrant (Fig. 21), although in this case the 
whole boundary of the figure is no longer described by 
the equations z = acos*t, y = asin® ¢ since it contains 
segments of the coordinate axes. Why then have we got 
a correct result? The matter is that parametrically the 
closed interval [a, 0] of the y-axis can be defined by tlie 
equations t=0, y = 2a (1 —i?t/n), n/2<t<n and 
the interval [0, a] of the z-axis by the equations x = 
2a (t/n —1), y= 0, nt < 3n/2. Using now the com- 
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plete parametrization of the boundary of the figure 
(the parameter ¢ varies from 0 to 3n/2) and dividing the 
integral taken over the closed interval [0, 3/2] into 
three integrals corresponding to a curvilinear integral 
and to two rectilinear parts of the boundary, we find 
that the integrals taken over the segments of the coordi- 
nate axes vanish since on each of them one coordinate 
and its derivative with respect to the parameter are 
zero. 

For the same reason formula (2) remains valid for the 
curvilinear trapezoid bounded by a part of the z-axis, 


Fig. 22 


two vertical line segments and a curve which has para- 
metric equations z= p(t), y=p(t), OSM E< TZ, if, 
when ¢ varies from 0 to 7, the point (¢p (¢), ~p (¢)) traverses 
the curve so that the trapezoid remains to the left ol 
the point. Otherwise we must put the plus sign before 
the integral in formula (2). 

3. Find the area of the figure bounded by the cycloid 
z—=a(t—sint), y=a(1—cost) O<t<2n and 
the z-axis. 

A From formula (2) (where we have put the plus sign 
before the integral in accordance with Remark 2), we 
have 

On 
S = | a?(1—cost)? dt = 3na?. A 
0 : 

4. Find the area of the figure bounded by a curve 
defined by the equation p? = 2a* cos 2p in polar coordi- 
nates (lemniscate of Bernoulli). 

A Since p? is nonnegative, we find that —r/4 << p< 
n/4 and 3n/4 << yp < 5n/4 (Fig. 22). From formula (5) 
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we find the area of one of the two equal parts of the 
figure and double the result: 


/4 
S=2.- 5-2? cos2pd@p=2a?. A 
—m/4 


IV. Problems and Exercises for Independent Work 


30. Find the area of the figure whose boundary is 
defined by the following equations in Cartesian coordi- 
nates: 


2 
(a) ca ~ =. L =o; XL == 2, y 0 (—a<ixm< 


2, (c) y= (« + 1)*,2 = sin ny, 


(e) y=e*|[sinz |, y =O (x >0) (assume that the 
area of this unbounded figure is the limit, as A — --oo, 
of the areas of the curvilinear trapezoids corresponding 
to the variation of z from 0 to A). 

31. Find the area of the figure whose boundary is 
represented parametrically (first make a schematic draw- 
ing of the figure): 

(a) z =a (cost + isint), y =a (sint —tcos t), O< 
t<2n, x =a, y <0 (involute of a circle), 

(b) zc = a (2 cos t — cos 2t), y = a (2 sin tf — sin 21). 

32. Find the area of the figure whose boundary is 
defined by an equation in polar coordinates: 

(a) 9 = a (1 + cos g) (cardioid), (b) p = a sin 3@ (tre- 
foil), (c) p = 3+ 2cos pp, (d) p? + g? = 1. 

33. Passing to polar coordinates, find the area of the 
figure whose boundary is defined by the equation 

(a) x3 + y3 — 3azy (folium of Descartes), 

(b) (a? + y*)? = 2a°zy (lemniscate of Bernoulli). 


8.6. Calculating the Volumes of Solids 


I. Fundamental Concepts and Formulas 


1. The volume of a solid (in the sense of Jordan). 
A solid is any bounded set of points of space. 
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Assume that a polyhedron is inscribed into a given 
solid and a polyhedron is circumscribed about the given 
solid, the polyhedron being a solid consisting of a finite 
number of triangular pyramids. 

The set of volumes of all inscribed polyhedrons is 
bounded from above (by the volume of any circumscribed 
polyhedron) and the set of volumes of all circumscribed 
polyhedrons is bounded from below (say, by zero). 

Definition. A solid is cubable if the least upper bound 
V of the set of volumes of all inscribed polyhedrons is equal 


to the greatest lower bound V of the set of volumes of ail 
circumscribed polyhedrons. _ 
The number V = V = V is the volume of the solid 


(in the sense of Jordan). 

2. The volume of a solid with given cross sections. 
Assume that each section of a cubable solid by the plane 
x = const is a squarable figure, the area S (z) of the 
figure being a continuous function z (@a<z< b). Then 
the volume of this solid can be found from the formula 


b 
v= | S(z) de. (1) 


a 


[ti a particular case, when the solid results from tlie 
rotation of a curvilinear trapezoid defined by the con- 
linuous [function y = f (x), a< x <b, about the z-axis, 
the volume of the solid can be found from the formula 


b 
Yn | f? (x) dz. (2) 


a 


Il. Control Questions and Assignments 


What is a solid? 
What is a cubable solid?. 
What is the volume of a solid? 
. What formula can be used to calculate (a) the volume 
of a solid with given cross sections, (b) the volume of 
a solid of revolution. 

9. Give examples of cubable solids. 

6. Is the plane a cubable solid? 

7. Is a straight line a cubable solid? 


moh 
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III. Worked Problems 


1. Find the volume of a solid resulling from the 


2 
rotation of an ellipse Y-=1 about the z-axis. 


A From formula (2) we obtain 


V=n f nae (a?— x?) dx= 4 nab? 
T a — 8 - Me 
-a 
2. Find ue volume of the solid bounded by the sur- 
faces x? 4+-y? = a?, 2 = Y3 y, 2 =0 (yO). 
A ist pciigde: Consider the sections of this solid 


by the planes x — const. The sections are right tri- 
angles with areas 


S (2) =+-y (2) 2 (2) = a e—2V3V a— x 
_V3 
2 


(a2 — x”). 


From formula (1) we obtain 


~ sh iF 
ya V3 \ (@—2% da 243 gs, 


3 


znd technique. Cutting the solid by the planes y = 
const, we get, in the sections, rectangles with arcas 


S (y) = 2% (y) 2 (y) =2V a@&—y? V3 y. 
Therefore 


V=2Y3 (yVa=e dy =- aid a®?. A 


0 


IV. Problems and Exercises for Independent Work 


34. Find the volume of the truncated cone whose bases 
are bounded by ellipses with the semi-axes A, B and 
a, b and whose altitude is h. : 

30. A solid is a set of points M7 (x, y, 2), where 0O< 
z<1.InthiscaeO<2<1,0<y <1 if zis a ration- 
al number and 1<¢2<0, a; <y<0 if z is an 
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trrational number. Prove that the volume of the solid 
! 


does nol exist although \s (z) dz = 1. 


0 
36. Find the volumes of the solids whose surfaces are 
defined by the following equations: 


2 2 c 
(a) - +ar=14, Be z= 0, 
0) etptaal 
) =~ +4 -4=1, 2=+0¢, 


(d) 22+22=@2, y+2=a?, a | 

(c) a2 -- y2 + 22 = a®, x? + y* = ax (Viviani’s solid). 

37. Find the volumes of the solids resulting from the 
rotation of the following curves: . 

(a) y = b (x/a)?®? (0<x<a) about the z-axis, 

b) y = 2x — x*, y = 0 about the z-axis, 

(c) y = 22 — 2?, y =0 about the y-axis, . 

(J) y=sinz, y=0 0<2< 2) about the z-axis, 

(ec) y=sinz, y=0 (0X2< 2) about the y-axis, 

(i) c=a(t—sint), y=a(1—cost) (Ot < 2m) 
about the z-axis, 

(g) c=a(t—sint), y=a(i—cost) O<t< 2n) 
about the y-axis. 


8.7. Applications of 
the Definite Integral in Physics 


I. Fundamental Concepts and Formulas 


1. Calculating the mass of a plane curve. Assume that 
a simple curve ZL is defined by the parametric equations 
x=g(t), y=wp(t), «~<mt<f and let p (z, y) be the 
linear density of the mass at the point (z, y) € L. Then 
the mass of the curve Z can be found from the formula 


B 
M=\ p(t), bO)VO?=Q+P2Q) de. 


Let the simple curve be defined by the equation in 
Cartesian coordinates y = f(z), ax<x<b. Then the 
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mass of the curve LZ can be found from the formula 
b 


M = \ o (x, f(x) VIFF? (a) de. 


a 


In particular, for p = 1, the numerical value of the mass 
coincides with the length of the curve. 

2. Calculating the moments and the coordinates of the 
centre of gravity of a plane curve. The static moments 
(or the first-order moments) of the curve ZL about the 
coordinate axes in the case of a constant linear densily 
0 =1 (geometric moments) can be found from the 
formulas (c = 9 (t), y= p(t), o<t<f are the equa- 
tions of the curve) 


B 
M. = \ p(t) V p’2 (t) + 2 () dt. (the moment about. the 
a X-axis), 


B 
M,= | p (t) V p2()+p2 (0) dt (the moment about the 
4 y-axis). 


If the curve is given in Cartesian coordinates, y = f (x), 
axx<b, then 


b 

Ma= \ {@)VIFF?@ az, 
b 

M,= \ zV 1+ f(z) dz 


The coordinates zg and yy of the centre of gravity of 
the curve LZ can be found from the formulas 


sf M,/l, Yo = M,/l, 


where J is the length of the curve L. 
The moments of inertia (the second-order moments) of 
the curve LZ about the coordinate axes (p = 1) can be 
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found from the formulas 


ip? (t) V p'2 (t) + 2 (f) dé (about the z-axis), 


| (t) V p’2(t) + ’2(é) dt (about the y-axis) 


or (in Cartesian coordinates) 
b 


Te | P@)V T+T*@) de, 


b 
y= \eVvitr@ 2) dz. 


3. Calculating the moments and the coordinates of the 
centre of gravity of a plane figure. The static moments 
of the figure G bounded by the continuous curves y = 
fy (2), ¥ = fe (x), aS X< |, lwhere f, (t) < f, (x)] and 
the line segments z = a, x = b can be calculated, in the 
case of the constant surface density p = 1, by the for- 


mulas 
b 


— \ tf (x) —fi(x)]dx (about the z-axis), (1) 


v 
M,= \ Us (x)—f,(x)] dz (about the y-axis). (2) 


The coordinates x, and yy of the centre of gravity of 
the figure can be found from the formulas 


where S is the area of the figure 6. 
The moments of inertia of the figure G about the coor- 
dinate axes (9 = 1) can be found from the formulas 


b 
l=z \ Uf (x) — f?(z)]dz (about the z-axis), 


a 


b 
I,= | 27 [fe (x) —f,(z)] dz (about the y-axis). 
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II. Worked Problems 


1. Find the static moments and the coordinates of the 
centre of gravity of the curvilinear trapezoid bounded 
by the parabola y® = f? (x) = 2pz and the straight lines 
y =f, (x) =O and x = 1. 

A From formulas (1) and (2) we obtain 

i 


{ 
M,=> | fs (x) dx=--2p | oda =: 2 : 
0 0 


1 1 ae 
M,= \ tf, (x) dx =: V 2p | 23/2 da —~ 2p 
J 
0 


on 


We calculate the area of the curvilinear trapezoid: 
1 
soe [57 
S=YV 2p | a2 da = Sh EP 
0 


And now, from formulas (3), we find the coordinates of 
the centre of gravity: 


ty = M,/S = 3/5, yo = M,/S = (3/8) V2p. az 


2. Applying the second theorem of Pappus (see ;xercise 
44 below), find the coordinates of the centre of gravity 
of the plane figure G bounded by one segment of the 
cycloid z=a(t—sint), y=a(1 —cost), 0<t< 
2m and the 2-axis. 

A The volume of the solid resulting from the rotation 
of the figure about the x-axis is 


2ita 21 
V=3 \ y2 dz = na? | (1 cos £)3 dt = 5723, 
0 0 
The area of the figure G is 
2ita an 
S= \ ydx= | a*(1—cos t)?dt = 3na?, 
0 0 


Let yo be the ordinate of the centre of gravity. According 
to the second theorem of Pappus, S-2ny, = V, whence 
Yo = 0a/6. Since the figure G is symmetric about the 
straight line z = ma, il follows that the ahscissa of the 
centre of gravity 7) = 71a. A 
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III. Problems and Exercises for Independent Work 


38. Find the static moment and the moment of inertia 
of the semicircle of radius a relative to the diameter of 
the semicircle. 

39. Find the slatic moment of the arc of the parabola 
y2 = 2px (0<a< p/2) relative to the straight line 

40. Find the static moment and the moment of inertia 
of the homogeneous triangular plate with.base 6 and 
altitude h relative to the base. 

41. Find the moments of inertia of the homogeneous 
elliptic plate with semi-axes a and 6 relative to its 
principal axes. 

42. Find the moment of inertia of the homogeneous 
circle of radius R and mass M relative to its diameter. 

43. Prove the first theorem of Pappus: the area of 
the surface resulting from the rotation of a plane curve 
about an axis, which lies in its plane and does not cut it, 
is equal to the product of the length of the curve by the 
length of the circle described by the centre of gravity 
of the curve. 

44. Prove the second theorem of Pappus: the volume 
of the solid resulting from the rotation of a plane figure 
about an axis, which lies in its plane and does not cut it, 
is equal to the product of the area of the figure by the 
length of the circle described by the centre of gravity 
of the figure. 

45. Find the volume of the ring-shaped roll resulling 
from the rotation of the circle (x — 2)? + y* = 1 about 
the y-axis. 

46. Find the coordinates of the centre of gravity of the 
arc of the circlez = acosg,y =asing(|p|x<axn). 

47. Find the coordinates of the centre of gravity of 
the figure bounded by the parabolas az = y®, ay = 2° 
(a > 0). 

48. Find the coordinates of the centre of gravity of 
the homogeneous half-ball of radius a. 

49. Find the coordinates of the centre of gravity of 
the figure bounded by the curve p = a (1 + cos g). 
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Chapter 9 


Lebesgue Measure and 
Lebesgue Integral 


9.14. The Measure of a Set 


I. Fundamental Concepts and Theorems 


1. On the sets. We say that a one-io-one correspondence 
is established between the elements of two sets if every 
element of the first set is associated with a certain ele- 
ment of the second set so that every element of the second 
set corresponds to only one element of the first set. 

Two sets are equivalent if a one-to-one correspondence 
can be established between their elements. If two sets 
are equivalent, then we say that they have the same 
power. 

A set is countable if it is equivalent to the set of natural 
numbers (to put it otherwise, a set is countable if its 
elements can be enumerated by means of natural num- 
bers). 

For example, the set of all rational numbers from the 
closed interval [0, 1] is countable whereas the set of 
all real numbers from the same interval is uncountable. 

If a set is equivalent to the set of all real numbers 
belonging to the closed interval [0, 1], then we say that 
it has the power of the continuum. 

The union (sum) of the sets E,, E,, ..., E, is the set 


E=- t E,, all of whose elements Lelong to at least one 
h=1 
of the sets EF, (k = 14, 2,..., n). 
The union of the sets £, and &, is designated as FE, U 
E, or E, + &,. 


The intersection of the sets E,, E,, ..., E, is the 
set G= fl E,, all of whose elements belong to each of 


the sets E, eee", 2, aay. 9): 
The intersection of the sets E, and E, is designated 
as EF, (\E, or E,E,. 
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0d 
The same definition refers to the union U £, and to 
k=1 


the intersection Ae: of a countable number of sets. 

The difference of the sets #, and EF, is the set & = 
E,\E, which consists of all elements of the set #, which 
do not belong to &,. 

Let &£ be an arbitrary number set. The point z is an 
interior point of E if there is a neighbourhood of the 
point « which entirely belongs to £. 

The set E is open if all its points are interior points. 
The sct £E is closed if all its limit points belong to it. 

For example, the interval (a, b) is an open set whereas 
the interval [a, b] is a closed set. 

The union of a finite or countable number of open sets 
is an open set. 

Theorem 1 (on the structure of open sets). Any open 
set is the union of a finite or countable number of pairwise 
nonintersecting open intervals. 

2. A number series. Let {a,} be a number sequence. 
We formally compose an expression 


a, eee ye ee ap 


and term it a number series (or simply a series). 
The numbers a, are the terms of the series and the 


nr 
number S,,= >) a, is its mth partial sum. 
h=1 


Consider a sequence {Sj}. 
Definition. If there is a limit lim S, = S, then we say 


nNn—-> OO 


that the series >) a, is convergent and the number S is the 
k=1 

sum of the series. 

3. The measure of a set. The measure of the open inter- 
val (a, B) (where B > a) is its length B — a. 

Let G be a bounded open set. According to Theorem 14, 
it can be represented asG = U (ap, By), Where (@,, Br) 

h=1 


are pairwise nonintersecting open intervals. 
The measure wG of the bounded open set G is the sum of 


the lengths of its intervals: pG = >) (PB, — ay). 


15* aol 


Note that if the number of intervals (c,, {,) is count- 
able, then the sum of the lengths of the intervals is 


co 
a number series >) (B, —«o,) with positive lerms 
! 


k= 
(Bb, — &,). Since the set G is bounded, tlie series is con- 
vergent. 

Let “& be an arbitrary bounded set. Let us consider 
various bounded open sets G which contain EF. The set 
{uG} of the measures of tliese sets is bounded from below 
(say, by the number 0) and, consequently, has inf {yG}. 

The number p& = inf {pG} is the outer measure of 
the set E£. 

Definition. The set E is measurable (in the sense of 
Lebesgue) if Ve > Othere is an open set G, containing E, 
for which uw (GN E) <e. In this case the outer measure 
of the set E isits Lebesgue measureand is designated as 
pH, ie. pE = pL. 

Remark. For the open set & this definition is equivalent 
to the definition given above (we can take -£ itself as G). 

The concept of the measure of a set generalizes the 
concept of the length. For sufficiently simple sets (an 
open or closed interval) the measure coincides with the 
length. For more complicated sets, which have no length 
in its ordinary sense, the measure plays the part of the 
length. 

Any bounded closed set is measurable. 

If “ is a measurable set, and FE c[a, b] then the 
set HE =[a, b] \ E(the complement of the set E with 
respect to the closed interval [a, b]) is measurable. 

The union (provided that it is bounded) and the inter- 
section of a finite or countable number of measurable sets 
are measurable sets. In this case, the measure of the union 
of a countable (or finite) number of pairwise noninter- 
secting sets is equal to the sum of the measures of those 
sets, i.e. if 

pa, Ey, Ei E;= Q@ (i>4)j), 
then 


pE= >) pE,. 
h=1 


This property is known as the countable additivity (or 
g-additivity) of the Lebesgue measure. 
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II. Control Questions and Assignments 


1. What is the one-to-one correspondence between the 
elements of two sets? 

2. What sets are equivalent? 

3d. What set is countable? 

4, Are the following sets countable: (a) the set Q of 
all rational numbers, (b) the set R of all real numbers? 

5. What is a set of the power of the continuum? Does 
the set R of all real numbers have the power of the 
continuum? 

6. What is the union of sets? Can the union of sets 
coincide with one of them? Can the union of nonempty 
sets be an empty set? 

7. What is the intersection of sets? Can the intersection 
of sets coincide with one of them? Can the intersection 
of nonempty sets be an empty set? 

8. What is the difference of two sets? Can the difference 
E,\£, of nonempty sets coincide with (a) £,, (b) £,? 

9. What is (a) an interior point of a set, (b) an open 
set, (c) a limit point of a set, (d) a closed set? 

10. Is the set Q of all rational numbers (a) open, 
(b) closed? 

11. Is the set R of all real numbers (a) open, (b) closed? 

42. Prove that the union of a finite or countable number 
of open sets is an open set. 

43. Prove that the intersection of a finite number of 
open sets is an open set and the intersection of a count- 
able number of open sets may not be an open set. 

14. Prove that the intersection of a finite or countable 
number of closed sets is a closed set. 

45. Prove that the union of a finite number of closed 
sets is a closed set and the union of a countable number 
of closed sets may not be a closed set. 

4G. Formulate the theorem on the structure of open 
ets. 

. 17. When do we say that a number series converges? 
What is the sum of a series? & 
48. Let all terms of the series iO, ah be nonnegative. 


Prove that in this case (a) the necessary and sufficient 
condition for convergence of the series is the boundedness 
of the sequence {5,,} of its partial sums, (b) if we arbi- 
trarily interchange the terms of the series, the sum of 
the series does not change. 
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19. What is the measure of (a) an open interval, 
(b) a bounded open set? Prove that the series nG = 


co 
>} (By — &x), where (a,, B,) are pairwise nonintersecting 
h=1 


open intervals from which the bounded open set G con- 
sists, is convergent. 

20. What is the outer measure of a set? Does every 
bounded set possess an outer measure? 

21. Give a definition of a measurable set and its meas- 
ure. 

22. Using the definition of a measurable set, prove that 
the closed interval [a, b] is measurable and its measure 
ula, b) =b—a (a<b). 

23. Let the measurable set E cla, b]. Prove that 
the set H = [a, b]\ E is measurable and pE = ula, b] — 

E 


24. Prove that a bounded closed set is measurable. 

29. What is the countable additivity of a measure? 
Prove that the union (if it is bounded) of the countable 
number of measurable sets is a measurable set. 


III. Worked Problems 


1. Prove that the open interval (0, 1) = J and the 
number line R are equivalent sets, i.e. R ~ J. 

A. To prove the equivalence of the sets J and R, we 
must establish a one-to-one correspondence between their 
flements. Such a correspondence is established by the 
eunction 

y = tan (xz —+) , wet. 
Indeed, this function puts every x€ J into correspond- 
ence with somey€R, and since it is continuous and 


increases on J_ and, besides, lim tan (nz—2)= 
x+1+0 2 
Jt 


—oo, lim tan (nz —+) = +0, it follows’ that 
x—-1-0 2 


VyE€R there is a unique r€/J such that y=—tanx 


2 


spondence is established between the elements of the sets 
J and R. Thuy R~ ll. A 
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(nz—+). And this means that a one-to-one corre- 


2. Prove that the open interval (0, 1) =J and the 
closed interval [0, 1] = S are equivalent sets, i.e. J ~ S. 

A Let Q be the set of all rational numbers belonging 
to a closed interval S. This set is countable (see 2.6). 
We set Q = S\Q. Then S = Q+ Q. We remove the 
points 0 and 1 from the set Q and obtain a countable set 
Q, of rational numbers from the interval J. Evidently, 
I =Q,+ 0. Since Q and Q, are countable sets, it fol- 
lows that Q ~ Q,. HenceQ + Q0~Q0,4+Q,ie.S~IaA 

Remark. It follows from the results of Examples 1 
and 2 that the number line R (the set of all real numbers) 
has the power of the continuum. 

3. Let the open set EZ c[a, b].Prove that G = [a, DINE 
is a closed set. 

A. We must prove that G contains all its limit points. 
It follows from the definition of the difference of sets that 
Vc €[a, b] ecither x € EF or x €G. Assume that z is a 
limit point of the set G, i.e. in any neighbourhood of the 
point z there are points of the set G different from z. 
Evidently, x €[a, b]. We shall prove that r€G. We 
assume the contrary. Then z € £, and since £ is an open 
set, there is a neighbourhood of the point x entirely 
belonging to E. Consequently, in this neighbourhood of 
the point x there are no points of the set G, but this contra- 
dicts the fact that z is a limit point of G. The contradic- 
tion obtained proves that x € G and, hence, G is a closed 
set. A 

4. Prove that the set Q of all rational numbers belong- 
ing to the closed interval [a, b] is measurable, and pQ = 0. 

A The set Q is countable and therefore we can enumer- 
ate its points by means of natural numbers. We specify 
an arbitrary © ~> 0 and include the first point of the set 
G into an open interval of length e/2, the second point 
into an interval of length e/2?, ..., the nth point into 
an interval of length e/2" and so on. The union of these 
intervals is an open set G whose measure 


uG < >) an =e 


k=1 


Since € is arbitrarily small, it follows that »Q = 0, and 


since (G\Q) € G, we find that (G\Q) < nG = uG < e. 
By definition this means that Q is measurable, and nQ = 


2341 


uQ = 0. In this case we say that the set Q is of measure 
zero. & 

5. Let a be an arbitrary number such that 0 <a< 1. 
We construct two sets D and E by means of a countable 
nunfber of steps as follows. At the first step we remove 
from the closed interval [0, 1] an open interval £, of 
length a/2 which lies symmetrically with respect to the 
midpoint of the interval [0, 41] (we shall call this open 
interval a middle interval). At the second step, we remove 
the middle intervals of length a/8 each from the remain- 
ing equal closed intervals. We designate the union of 
these intervals as £,; the length of FE, is a/4. At the third 
step, we remove the middle intervals of length a/32 each 
from the remaining four equal closed intervals. We desig- 
nate the union of these four intervals as £3; the length of 
E, is a/8. At the fourth step, we remove the middle inter- 
vals of length a/128 each from the remaining eight equal 
closed intervals and so on. Assume that 


= E},, D= (0, NE. 

Prove that 

(a) H.is an open and D is a closed set, 

(b) pE =a, pwD =1 —a, 

(c) the set D does not contain a closed interval in its 
entirety, 

(d) the set D does not contain isolated points, 

(ec) We>O0O da set D’ such that D cD’ and O< 
pD’ —puD<e, 

(f) the set D is uncountable. 

A (a) The set F is open since it is the union of open 
intervals, which are open sets, and the set D is closed 
since it is a complement of an open set with respect to 
a closed interval. 

(b) Since the sets Z, (k = 1, 2, . . .) do not intersect, it 
follows, by virlue of the o-additivity of the measure, that 


pE= >} pE, = >) a= 4. 
h=1 h=1 
The sets D and E do not intersect and therefore 
pD — pl0, 14] — pH =1 —a. 
(c) We assume that the set D contains a certain closed 
interval of length / in its entirety. Note that in the 
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process of construction of the set D, after the nth step of 
the removal of the middle intervals, the remaining part 
of the closed interval [0, 4] consists of 2" equal non- 
intersecting closed intervals. We designate the length 
of each of them as d,. Evidently, d, ~0O as n + oo. For 
any mn, the set D belongs to the union of the indicated 2” 
closed intervals. Therefore the closed interval of length 
l, which entirely belongs to D, must entirely belong to 
one of the indicated closed intervals of length d,, i.e. 
L<d,. But this contradicts the fact that d, > 0 as 
nm -—»oo. Thus the set D does not contain any closed 
interval in its entirety. 

(d) If the set D contained an isolated point, it would 
follow that when constructing D, we have removed two 
adjoining intervals (divided by that point) from the 
closed interval [0, 1]. However, any two removed inter- 
vals are divided by some closed interval but not by a 
point. 


(e) We set D’ =[0, 1]\ UJ E,. Evidently, DcD", and 
k= 


D\ND= U En, 


k=n+1 
’ Oe 2 SOs 
pD'—pD== Dy pEn= > oh on: 
hk=n-+] k=n+1 


It follows that’ Ye r>0O Jn such that there holds an 
inequality 


0<pD' —pD=— <e. 


(f) A countable set is of measure zero (see Example 4)- 
Since uD = 1 — a = 0, it follows that D is an uncount- 
able set. A 


IV. Problems and Exercises for Independent Work 


1. Test the equivalence of the following sets: 
(a) {1, 2, 3, 4,...} and 2. 4, 6, 8, .. -}, 
(b) the closed intervals [0, 1] and [a, 9], 
(c) the open interval (c 6) and the number line R. 
2. Prove that 
(a) an infinite subset of a countable set is also 
countable, 
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(b) the union of a finite or a countable number of 
countable sets is a countable set, 
(c) the set of all polynomials with rational coeffi- 
cients is countable, 
(d) the set of points of discontinuity of a monotonic 
function is finite or countable. 
3. Prove that the set of all real numbers belonging to 
the closed interval [0, 41] is uncountable. 
4. Prove that 
(a) if A is an infinite set and B is a finite or a count- 
able set, then A+ BWA, 
(b) if A is an infinite set, B is a finite or countable 
set and A\B isan infinite set, then A\.B ~ A, 
(c) the set of all irrational numbers belonging to the 
closed interval [0, 1] has the power of the continuum, 
(d) every infinite set contains a part equivalent to the 
whole set. 
0. Prove that for any sets A, B and C 
(a) (A+ B)C =AC+ BC, (b) A+A =A, 
(c) AA =A, (d) A+ BC =(A+B)(A +0), 
(e) A = (ANB) + AB, in particular, A = (ANB) + 
B if BCA. 
6. Assume that Wk: A, CE, A, = E\A, is a 
complement of A, with respect to E (the number of sets 
A, is finite or countable). Prove that U A; = 1) Ap. 


kh k 

7. Let the closed set E C(a, b). Prove that G = 
(a, b)\E is an open set. 

8. Prove that the set Q of all irrational numbers 
belonging to the closed interval [a, 6] is measurable and 
find its measure. 

9. Let & be a bounded set such that hE = 0. Prove 
that & is measurable and that pz = 0. 

10. Prove that every subset of the set of measure zero 
is of the measure zero. 


9.2. Measurable Functions 


I. Fundamental Concepts and Theorems 


1. Definition of a measurable function. Let the function 
} (zx) be defined on a measurable set /. We shall designate 
as {x € E: f (x) <c} the set of all values of the argu- 
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ment x which belong to the set & and are such that f (x) <c 
for them (c is a number). 

Definition. The function f (x) is measurable on the set 
E if for any number c the set {x € E: f (x) < c} is measur- 
able. 

Theorem 2. For the function f (x) to be measurable on the 
set E, it is necessary and sufficient that for any number c 
any one of the following sets be measurable: {x € E: f (t) > 
c}, (tC E: fle) Dc}, @EE: f (2) <c}. 

2. Some properties of measurable functions. 

1°. If the function f (2) is measurable on the set £, 
then it is measurable on any measurable subset of the 
set L. 

2°. Tf the function f (xz) is measurable on the sets £;, 
E,, ..., Ey, ..., then it is measurable on their union 


) E, and intersection f) Ey. 
h=1 h=1 

3°. If the function f (x) is defined on the set E of meas 
ure zero, then it is measurable on that set. 

4°. Tf the functions f (x) and g (zx) are measurable on 
the set Z, then the functions f (x) + g (x), f (x) — g (2), 
f (x) g (z) and _f (z)/g (zt) (provided that g (x) 0) are 
also measurable on the set E£. 

5°, A function continuous on a closed interval is 
measurable on that interval. 

We say that a property is valid almost everywhere on 
the set & if the set of points of E on which it is not valid 
is of measure zero. 

The functions f (x) and g (x), defined on a measurable 
set EL, are equivalent on that set if they are equal almost 
everywhere on it. 

The designation of the equivalence is f (x) ~ g (2) 
on £. 

For instance, the Dirichlet function 


O if x is an irrational number, 

D (2) =| 1 if x is a rational number, zx (1) 
, z€f[a, 5], 
ig equivalent to a continuous function g(r) =O on 
(a, b] since the set of points x which belong to [a, b] and 
on which D (x) ~ g (2) is the set Q of all rational numbers 
from the closed interval [a, b] whose measure is »Q = 0. 
Note that the function D (z) is discontinuous at all 
points of [a, bd]. 
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Here are another two properties of measurable func- 
tions. 

6°. If g(x) is measurable on EF, f (x) ~ g (z) on E, 
then f (z) is measurable on EL. 

7°. Theorem 3 (Lusin’s theorem or the C-property of 
measurable functions). For the function f (x) to be mea- 
surable on [a, bl, it is necessary and sufficient that Ve > 0 
there should be a function g(x), continuous on [a, 0), 
such that pw {x Ela, db): f (x) A g(z)}<e. 

Lusin’s theorem means that any function measurable 
on [a, b] can be made measurable by varying it on a set 
of an arbitrarily small measure, i.e. functions measurable 
in this sense are close to continuous functions. 


II. Control Questions and Assignments 


1. Give a definition of a measurable function. 
Z. Using the definition, prove that the following func- 
tions are measurable: 


(a) f(z) =c=const, z€[a, bd], 
(b) f (x) =72, zE[a, bj, 

0 for O< 7< 1/2, 
() T=) 4 for 2—ac<i. 


3. Formulate the theorem which expresses a necessary 
and sufficient condition for a function to be measurable 
on a set £. 

4, Formulate properties 1°-5° of measurable functions. 
Prove properties 4°-3°. 

5. When do we say that some property is valid almost 
everywhere on a set E? 

6. What functions are equivalent on a set E? Prove 
that a Dirichlet function is equivalent to a continuous 
function on [a, b]. What is the measure of the set of 
points of discontinuity of the Dirichlet function on [a, b]? 

7. Formulate and prove property 6° of measurable 
functions. 

8. Using properties 5° and 6°, prove that if the function 
f (x) is equivalent to a continuous function on [a, 9], 
then f (z) is measurable on [a, )]. 

9. Formulate Lusin’s theorem. Use the function f (x) = 
0 for O<r<1/2, 


1 for 1/2<7<01 
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as an example. 


Ill. Worked Problems 


4. Prove that the Dirichlet function D (x) [see formula 
(1)] is measurable on [a, JI. 

A Using the definition of a measurable function, we 
must prove that We the set {x € la, b]: f (@%)<c} = EL, 
is measurable. We shall consider three cases. 

If c>>1, then EZ, = [a, b] is a measurable set. 


ifo<c<t, then LF, = Q, where Q is the set of all 
irrational numbers from [a, b], is a measurable set. 

If c< 0, then £, = @, where @ is an empty set. 
An empty set is considered to be measurable: p@ = 0. 

Thus D (x) is a measurable function. A 

2. Prove property 5°: the function f (x) continuous on 
[2, b] is measurable on [a, J]. 

A We shall prove that We the set {z €la, 6]: f (7) < 
c} =, is measurable. If E, = @, then Z, is measur 
able: pE, = »@ = 0. Let E, be nonempty. We shall 
prove that EF, is a closed set. It will follow that £, is 
measurable. Let zy be the limit point of the set E,. We 
must prove that 2 € Ez. It is clear that x €la, 6]. 
According to the definition of a limit point, A{r,} > 2 
and Wn x, € E,. It follows from the continuity of f (z) 
at the point x, that {f (t,)} >/ (z9), and since ty, € £-, 
it follows that f (z,) <c. Hence f (Xo) Ke, i.e. TE E., 
and this is what we wished to prove. A 


IV. Problems and Exercises for Independent Work 


41. Prove the theorem which expresses a necessary 
and sufficient condition for a function to be measurable 


on the set £. 
O for zE€#, 


Be et (2) = 14 for x<€D=[0, 1]\ 4, 
D are the sets from Example 5 in 9.1. Prove that 

(a) f(z) is a measurable function on [0, 4], 

(b) D is the set of all points of discontinuity of 7 (2), 

(c) WVe> 0 there is a function g(z), continuous on 
(0, 1], such that p {x €[0, 1]: f (2) #8 (z)} <e. 

13. Prove that the function @ (rz) = zx, x €D, where 
D is the set from Example 12, is measurable on D. 

14. Using Lusin’s theorem, prove that the sum, the 
difference and the product of functions measurable on 
[a, b] are functions measurable on [a, Dd]. 


where & and 
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9.3. Lebesgue Integral 


I. Fundamental Concepts and Theorems 


4. Lebesgue integral of a bounded function. Let £E 
be an arbitrary measurable set. The partition of the set 
E is any collection 7 = {E),} of a finite number of meas- 


urable sets E,, E., ..., E, such that U E, = E, 
h=1 
EL, \L;= GO (ij). 


Assume that a bounded function f (x) is defined on the 
set £. For the arbitrary partition T — {£,} we set M, = 
sup f (x), m, = inf f (z) and set up two sums: 

Ep Ep 


nr n 
r= 2 Mp, sp= 2 m,WE,. 


The numbers Sy and sz are the upper and the lower sum 
of the partition 7 respectively. It is evident that VT 
Sr < Sr. 

Let us consider the number sets {sp} and {Sr} of 
various lower and upper sums. They are bounded from 
below by the number mp and from above by the number 
MyuE, where m = inf f(z), M = supf(z) and, con- 


sequently, have the preatest lower bond and the least 
upper’ bound. The numbers J = sup {sp} and I = 
inf {S;} are the lower and upper Lebesgue integrals 
respectively. 

Definition. A function f (x) bounded on the measurable 
set E is said to be Lebesgue integrable on this set if I — I. 


In this case the number J = I is a Lebesgue integral 
of the function f (x) on the set & and is designated as 


If (2) dp (2). 

E 

2. The connection between the Riemann and Lebesgue 
integrals 

Theorem 4. Every function which is Riemann integrable 
on {a, b] is Lebesgue integrable on [a, b], the Riemann and 
Lebesgue integrals of such a function being equal. 

Remark. The converse statement is not true (see the 
Example in item III). 
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3. Lebesgue integrable bounded functions 

Theorem 5. For a function f (x) bounded on the measur- 
able set E to be Lebesgue integrable on this set, it is neces- 
sary and sufficient that f (7) be measurable on E. 

4. Lebesgue integral as the limit of Lebesgue integral 
sums. Assume that f (2) is a bounded measurable function 
on the set £, m =inff (zx), M =supf (zx), and let 


Vig ox -aacag. sy, DE arbitrary numbers such that m = 
Yo SW SY¥e<S ee Sn = M. 

The Lebesgue partition of the set & is the partition 7 = 
{Ey}, where H, = {t€E: yo<fQ)<y}, En = 
{x E Ee: Yr-a— f (x) < Yn}, k= 2, 3, sey Nh. 

Let &, be an arbitrary point from EF, (k=1, 2, ..., 

nr 


n). The number I (£,, E,) = 21 1 (Es) uf, is a Lebesgue 


integral sum (if some £; = @, then £, does not contain 
any points &, and the corresponding term in the sum 
is considered to be zero). 
We set 5= max 6,;, where 6; = y,—yp-y- 
{<k<on 
Theorem 6. As 6—0, the limit of the Lebesgue in- 


tegral sums is equal to the Lebesgue integral i.e. limI x 
60 


(Ens &x) = | (2) dp). 


E 
It follows from this theorem that the Lebesgue integral 
can be defined as the limit of the Lebesgue integral sums 
as 6 0. Such a definition of the Lebesgue integral is 
similar to the definition of the Riemann integral with 
the only difference that when composing integral sums 
we divide into subintervals not the domain of definition 
put the range of the function. 
5. Properties of the Lebesgue integral 


jo, | dp()=nE. 
E 
90, Linearity of the integral. If f (x) and g (zx) are 
integrable on FE and @ and 6 are arbitrary numbers, then 
the function af (z) + Bg (x) is integrable on £/, and 


[ tcf @) + Be dp (2) =a | #@) dp @)+B J e(@) dpe). 
E E 
30, Additivity of the integral. If f (z) is integrable on 
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&, and £,, and E, \ E, = @, then f (z) is integrable 
on £, UF, and the equality 


) f@)du@=J)f@dp@t |i) du~, 
E,UEa, Ey Ee 
holds true. 

4°. If f (x) and g (x) are integrable on £, and f (zt) > 
&(z) WxeE EE, then 


\ f(@) dp (a> J g(x) dp (2). 


E E 


II. Control Questions and Assignments 


1. What is the partition of the measurable set E? 

2. What are the upper and lower sums of a given 
partition? 

3. Prove that if a partition 7, is obtained from the 
partition 7, = {£,} by means of partitioning some F, 
(i.e. by the refining the partition 7,), then Sp, SS7,, 
Sr, > Sry | 

4. Prove that Sp, S Sr, 87, < Sp, for any partitions 
T, and 7,4. 

oO. What are the upper and the lower Lebesgue integral? 
Prove that J< J. 

6. Give a definition of the Lebesgue integrable func- 
tion and the Lebesgue integral. 

7. What is the relationship between the Lebesgue and 
Riemann integrals? 

8. Characterize the class of the Lebesgue integrable 
bounded functions. 

9. What is the Lebesgue partition? 

10. What is the Lebesgue integral sum? 

11. Can we define the Lebesgue integral as the limit 
of Lebesgue integral sums? What is the common feature of 
and the difference between such a definition of the Lebesgue 
integral and the definition of the Riemann integral? 

{2. Enumerate the properties of the Lebesgue integral. 


III. A Worked Problem 


Prove that the Dirichlet function D (x) (see formula (1) 
in 9.2) is Lebesgue integrable on [a, b] and find 


D (a) dp (2). 
[a, 5] 
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A. 1st technique. Since D (x) >0, we have sp >0, 
S;, > 0 for any partition 7. We consider a partition 7* 
of the closed interval [a, b] into a set Q of rational num- 


bers and a set Q of irrational numbers. For this partition 
Sys = sup D (x) pQ + sup D(z) wQ= 1-04 0-(b—a) =0. 
Q Q = 

Thus the set {S;} contains a number 0. Therefore / 
inf {Sp} = 0. 

Since all sp >0, it follows that J = sup {sp} > 0, 
and since J < J, we get J — 0. 

Thus J=J=0. It follows that the function D(z) is 


Lebesgue integrable on [a, b] and \ D (x) du (x) =0. 
a, b 

2nd technique. For any iaaies "partition f= 
{F',} we have 

we, = p {z Ela, db): O<D (t) Sy, < 1} 

= pQ = b —a, f (1) = 0 VE, E &,, 
pk, = plz =... = WL, = "uo = 0, 
ul, = p {z Ela, dl: 
0<¥nir<I@<t}=nQ=0, F(En) = 1 
VEn € Ey. 


Therefore J (E,, &) =f (&) wO+f Gn) wQ=0, ie. any 
Lebesgue integral sum is zero. Consequently, lim J (E£,, 
6-0 


cent 
—— 


E,)=0, i.e. the function D,(z) is integrable on [a, 5] 
and | D(2)dy(2)=0. « 
[a, 5] 
Remark. It is known that the function D (zx) is Rie- 
mann nonintegrable on [a, b]. Thus a Lebesgue integrable 
function may be nonintegrable in the sense of Riemann. 


1V. Problems and Exercises for Independent Work 


15. Let f (x) be the function from Exercise 12. Prove 
that f (x) is Lebesgue integrable but not Riemann in- 
tegrable on [0, 1] 

16. For the function f(z) from Exercise 15 set up 
Lebesgue integral sums and calculate | f (x) dp (2). 

[0,1] 


17. Prove that the function g (z) from Exercise 13 
is Lebesgue integrable on the sel D and calculate 


| (2) dp (2). 


D 
18, Prove that if the function f (z) = U almost every- 
Where on the measurable set £, then it is integrable, and 


\f @) dp (2) = 0, 


E 

19. Prove that if the bounded functions f (z) and 
g (x) are equivalent on the set & and the function f (z) 
is integrable on £, then the function g (z) is also integr- 


able on E, and (4g (2) du (x) = vi (x) du (2). 


E 

20. Prove that every function which is Riemann integr- 
able on [a, b] is Lebesgue integrable on [a, b] and the 
Riemann and Lebesgue integrals of such a function 
are equal. 

21. Prove the sufficiency in Theorem 5, i.e. prove 
that a function which is bounded and measurable on the 
set # is Lebesgue integrable of that set. 

22. Prove that the following test of the Lebesgue 
integrability of functions (similar to the test of the 
Riemann integrability) holds true: for a function bounded 
on the measurable set E to be Lebesgue integrable on 
that set, it is necessary and sufficient that We ~> 0 there 
should be a Lebesgue partition T of the set E for which 
the inequality S; —s; < « holds ture. 

23. Prove that if the function f (x) is bounded and 
measurable on the set £, then the limit of its Lebesgue 
integral sums, as 6 >~0O [6 = max (y, — y,-})] i8 


1<k<n 
equal to the Lebesgue integral of the function f (x) over 
the set £.- 


ANSWERS AND HINTS : 


Chapter 4 


1. @ Use the method of indirect proof. 4. Assume the contrary, 


i.e. let the fraction of the form ag.aja. ... a;,9 be the result of 
the division of the natural number m by the natural number rn. 
Then Yp €N, p> -&k, the number m/n must satisfy the inequali- 
ties 


m 1 
Qg.Q,°° -ap99 . Qa 20°41 ° ° ‘Oh T0R° 


Se 
p digits 
Consequently, 
1 m 
<< dy.a,°° On Tok 


<dp.a,"° ‘nT Tok 40-41" --ap99>- ‘=p ; 
EE TT 
p digits 


and this is impossible (explain why). The contradiction obtained 
Proves the initial statement. 5. @ Use the results of Examples 1 
and 2. 15. Assume that z is any positive number and z, and y, 
are any rational numbers which satisfy the inequalities 


O<2, <7, O<my, <1. (*) 


Then, according to the definition of the product of positive num- 
ers, we have z-1 = sup M, where Af = {(2,y;),}. It follows 
from (*) that Yz,, y, O< (ciy1)p SX Kz, i.e. z is the upper 


bound of the set j/. Let x < x. It is shown in Example 1 in 1.1 


that there is a rational number z* such that 2< x <<=z. We 
take z, = 2*, y, = 14. Then (2,y,), = 2*-1 = 2* and, conse- 


quently, (z,y,), > z. Thus both conditions of the definition of 
the least upper bound of a set are fulfilled for the number 2, i.e. 
sup 47 = xz. Thus Wz > 0: z:1 = sup M = z, whence zx-1 = &. 
If x = 0, then, according to the rule of multiplication of rational 
numbers, 0-1 = 0. If z < 0, then, in accordance with the defi- 
nition of the product of real numbers, z-1 = —|z|-1. But, as 
we have just proved, |z|-1—|2z]|, ie. r-4=—J|z2z| =z. 
33. @ For 2,2, ... zx, = O the statement is obvious. For 2,2. ..- 
ae Ly == 0 set YR = 2,/V 2122 soe Zn (k = 1, 2, oe ey n) and 
use the result of Example 2 in 1.4. 
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Chapter 2 
1. (a) Yes, itsis, (b) no, it isn’t, (c) no, it isn’t, (d) yes, it is, 
(e) no, it isn’t. 4. No, it does not. 5. @ It is sufficient to prove 


that the sequence {z,} is unbounded. 14. @ If lim zg =-+0, 
7U—> OO 


then JA>U0 anda number N which are such that z,>A 
Yn>N. The sequence z,, Zo, ..., ty includes the least number- 
15. (a) z,=2,=—120, (b) 239=20. 20. (a) It converges if 
a>0,B>0, «o<B or,a <0, B is arbitrary, (b) it converges 
if yx<o3/2. 241. (a) 0, (b) 0, (c) 1/3. 23. (a) 1/2, (b) 41/3, (c) 1. 


@ Represent the fraction k(k-+4) in the form ar 6 
(k= 1, 2,...,n), (d) 41/4. @ Represent Sn=T55 gree 
1 B C 
a a — ———— -|. —__ . 
and) (ned) in the form Sy eal fal ape Yn 
4 nr 
27. Since Ve>0O lim ee =0, it follows that Ye>0 4N 
Tl-> 00 


such that Yn>WN there holds an inequality (1/e)"/nl<1, or 


1/7 ni<e. 29. (144+ VY 14+4a)/2. 30. (a) (a+-2b)/3. (b) Va; (c)—V a: 
33. @ (d) Prove that (1°) the set U of limit points of the sequence 
is bounded, (2°) if inf U=c, sup U=b, then a, b€U, (3°) c= lim Zp, 


—— __ 2-00 
b= lim zp. 35. (a) The limit points are 2, —2; lim z,—2, 
Nn—> oo Ti—> CO 
lim =—2, (b) the limit points are 0, 1, 2; lim z,=2, 
l2—> CO N—> Co 
lim z,=0, (c) the limit points are —4, 0, 2, 6; lim z,=6, 
Tl—> CO l-> oO 
lim z,= —4, (d) the limit points are —1/2,4; lim z,=1, 
Tl-—> co l—>0o 
lim z,=—1/2, (e) the limit point is 1; lim z,—-+0, 
ee n->00 
lim z,;=—oo, (f) the limit points are (0, 1; lim 2z,=4, 
n—>0o N->00 
pats : 1 1 
= () the limit points are —e——=, —e+—— 
ae (g) p Vy 2’ CT 75 ] 
—— ; 1 
e—1,e,e+4; lim z,=e+1, lim T= Os Fe ; (h) the 
N—> 0O N—> co } 2 
limit points are 0, 1/2, 1; lim z,=1, lim z,=0, (i) the 
TN—> OO Won 
limit points are 1, 2; lim z,=2, lim z,=4, (j) the limit 
eres N—-> 00 ; 
points are 0,4; lim z,z=1, lim z,=0, (k) there are no 
N-> co N-—> oo 
limit points; lim z,;—-+oo, lim z,;=—oo, 36. It diverges. 
n—-> co m—> ao 
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@ Prove that lim zo, lim copii. 37. @ (a) Use the 
h->oo hoo 


1 4 


be at 1 4 
estimat — < —_____ -- ——__~— —— for k>2, (d) use the 
nr eed) ed OR ay 
n+p n+p 
estimation |Zpyp —2n| = | > ong | <M ») | q |F. 
hk=n+1 k=n+i 


38. @ In Definition 1 of the fundamental sequence set p=1. 
39. @ (b) Show that | 2,—2en | 21/2 for e=1/2 and Vn. 


Chapter 3 


2. @ Prove that f(z) does not satisfy the definition of the 
limit of a function in the sense of Heine. 3. No, there is not. 
4. @ To prove that there is no limit lim f(z) for |a| 1, 


xa 

use the negation of the definition of a limit of a function in the 
sense of Heine. 8. (a) 1, (b) 4/5, (c) —4/2, (d) 1, (e) m. 9. (a) 4/3, 
(b) —2, (c) 4/4. 10. (a) 4, (b) 519/325, (c) 1, (d) 4/772. 12. (a) No, 
there is not, (b) 1/2, (c) 4. 15. (a) z = 0 is a point of removable 
discontinuity, (b) z = 0 is a point of discontinuity of the second 
kind, (c) z = k (k € Z) are points of discontinuity of the first 
kind, (d) at the points z = 1 and z = —41 the function is con- 
tinuous and the other points are points of discontinuity of the 
second kind, (e) z = —1 is a point of discontinuity of the second 
kind, (f) c = 0 isa point of discontinuity of the first kind, (g) z = 
4 is a point of discontinuity of the first kind, (h) z = —1 and 
x = 3 are points of discontinuity of the second kind, (i) z = 1 
is a point of removable discontinuity, (j) zs = —1 is a point of 
discontinuity of the first kind, (k) x = —1 is a point of disconti- 
nuity of the first kind. 17. a®*=1-+ 2¢ Ina-+ o(z), (b) 
ee = 1+ 2+ 0 (2), (c) (4 4+ 2)*@ = 14+ az + o (2), (d)sinhz = 
xz+o(x), (e) tanhz=«s«-+o(z), (f) coshz=1-+(41/2) 2?+ 
o(z?), 19. (a) No, it does not, (b) yes, it does, (c) yes, it 
does. 20. (a) AS z—~0, the equality o(x-+2*)=o0(z?) does not 
hold true. Indeed, the function a (z)=2 x, for example, 
is an infinitesimal of the order of smallness higher than that of 

2 ->( {since lim £VE_y t lim zy oc 
z+t2 as x ( sa rer , bu oe ‘ 
i.c. z Vx #0 (2°) as x->(), (b) no, it does not, (c) yes, it 
does, (d) no, it does not, (e) yes, it does, 23. (a) 25r+0(z), 
252+o (x), (b) 4 —8z1+-0 (x4), 1—(1/2) z?-+0(2*), (c) 1-+22+ 
o(z), 1+ Vato(V 2)» (d) —z+0 (2%), z+0(2); (e) (1/27) 2+ 
o(z), — (1/27) Vet o(Vz); (f) 1+29ln2+o(25), 4+ 
1nd + 0(22), (8) — 22?-+o(z2), —222+0(z), (h) 1 — 


! ( i) 1+ 
a) Nia do (x), (k) 1—(1/6) x+-0 (2), (1)—(1/2) 224 
o(x2), 24. (a) (« — , (b) 1+ 8(2 —2z) + 
0(2--2), (¢)*—24Fo(z—2), (d) 4 —(1/2) ne (e — 2)? 


o((x — 2), (@) ™(#*—4) + o(e — 2), (f) (2/85) @ — 2) + 
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o(z—2), ‘(g) 4(4+1n2z) (x — 2) + 0(x—2). , 29. (a) 1/2 +- 
(1), (b) 1/(3z)-+-0 (41/2), (c) 5/2+o(1), (d) 1/) 2*-+0 (1/)/z?), 
1/y/a2+o (1/722), (ce) 1—1/(222)+0(1/x2):  (f)_ 1-+ (In 5)/a+ 
o(1/z), (g) —4/z2-+-0 (1/22), 4/x®-+-0 (1/22), (h) 1/Vz+o (4/1/2). 
26. (a) 1/3+-0(4), (b) (1/n) In14+0(1/n), (c) 1/V no (4/7), 
27. (a) 4, (b) 1/V'3, (c) 2/n, (d) a/m—B/n, (e) 1, (f) —41/12, 
(g) t/a, (bh) 4/2, V273, 1, (i) 0, (Gj) 0 if a<b, +o, 
ifa>b, eV if a=b, (k) 4, (1) 1, (m) Vb. 28. (a) a/m+ 
B/n, (b) — 19/3, (c) 1/324, (d) — 4/9, (c) 3, (f) In a, (g) e 
(h) 0, (i) 0, (j) 9, (k) e7**/2, (1) e-!. 29. (a) —2, (b) a In (ca), 
(c) 2a/b, (d) a®In?a, (e) —2, (f) e?, (f) —m2/4, (h) e!4, 
(3) 0, (j) In 2. 30. (a) 2, (b) 4/3, (c) 7/4, (d) —I1n 2, (e) a In (a/e), 
) ne (g) 2, (h) 45/91, (i) e #7, (j) e®*, (k) c, (1) 4/2: 
Ne ° 


Chapter 4 


1. (a) Ay=arcsin (= + Az) es ae > 
(c) Ay=In (1+), —2<Ar<+oo. 2. (a) 1,  (b) 2a, 


c) y (4)= lim V4the—-V4_ 1 () ? 1/2. 
(c) y’ (4) an re =z: »  (e) / 

3. (a) vy >ve for OS t< 1/2, vy=ve for t= 1/2, vy< vz for 
t > 1/2; on ["), 1] Viav V2 av=1, on [4, 2] Vy av=1<3=02 ave 
(b) vjy=ve=0 for t=0, vy > v2 for Ot < 2/3, v»=v2= 4/3 
for ¢=2/3, vy<vz for t> 2/3, on [0, 4] vy ayv—=Veqv=1, on 
1, 2] eu av=3<7=dgay, (c) vy > ve for 1<t<4, vy =v.=—1/4 
lor £=4, vy < vg for t>4, on [1, 4] vy ay = (1/3) In 4 > 1/3=veav: 
on (1, 20] Viav = (1/24) In 25 < 1/6=vp ay. 4. (a) y=, 


(b) y=2x—1, (c) r=0, (d) yo ated, 5. (a) (=- 


S 5 1 e 6—V 3x 
V3 V3—F). & (Vay er). © (SE 
e—V 3n 1 1 : 
teva) ee Sie oak as 


f (4-9 ((—M)= 4, (b) fA) =f (1-0) = 
( 


7. (a) ie )=14, 
Pay=1, (ce) ff (+H)=/' (—0N=f' (N=), (dd) f' (+ 
f(—0)=—1, (ce) ff (4% =f (—N=/’ (1) =, (NF 


f (x/2—0) = f' (n/2)=0, (g) fA + O=e, f’(1—0) = —e. 
f 4) a 4 3 

8. (a) 22, (b) 9 x (x >), (c) _ (x - 0), (3) 5975" be /z 
In 108 

Ge") (c) = ae eh y (1) = in In3 ° 


4 _ 
(f) (2—55) In2, (g) cost + sina, y’ (0) = 1, y’ (7/4) = V2, 


246 


(h) 1/(sin? z cos? 2) (x - nn/2, n€Z), (i) 0 (arcsin ee 

x/2=const), (j) (arctan z-++arccot z=2/2=const). 9. @ Repre- 

sent [u(x)]%*) in the form e%*) Inu) and use the formula for 
ad — be 


(cz-+d)? ' 


the derivative of a complex function. 10. (a) -———> 
. eee =; ( ) =X 
nee HIP Vat VatVe 
1 -+ —_________ {{ + ——— ] (x >), — sinzsin X 
2 Wo x r+ Vr ( Wi red 


(2cos z) — coszsin (2sinz), (c) cos [sin (sin x)] cos (sin x) COS z, 


-(t< —a,x>a), 


A os 
V x—a@ 


4 tan x (1+ tan? z) Tun cos x+tan x 
ne, Sei iain pasty e * zs 2 
(1—tan? 2 [* Eo? neZ) 2 In 2X 


( —sin r+) (= -— — tan, neZ] ,(d) e~ (sin z-+ cus 2), 


2e** (x cos 2x —sin 22), e* Ge zo (1n z+—)| (x >), 


1 
xin zx [In (In z)] 


(t¥< ~a, z>a), (f) + (x = 0), 


(ec) 2®(Inz+4)(c¢>0), (x >e), 


9 


zr —a* 


, coz (2mn<r< 


\/ x2 + a? 


T-+2nn, n€ Z), (g) — cos (In z) Ge : (—a<2z <a), 


{+z 


a (h) os (« = 1), arctan 7—— —arctan 2= 


a 
a 


{ m/4 forrz<1, i) 
—3n/4 for r>1, ( |x| V2?—1 


Sgn cos z(z  mn/2, n€Z), 1 (2% +a, ne Z] ’ (j) 4 


a*-+ 3 
(x -+- a) (x* +b?) 


Brecus = <|2| <4), mae 
} (x? — 1)8 


(zx< —1, o> 1); 


(—1<z<1), 1, (k) (rx>—a), VYa—z 


(x > 4), 


(—a<x<a), (1) — 


x arcsin x ex (n) 4 
V (1—23)3 Vite ' 2 (1-23) ' 


(sin z)°S*-1 (costz—sin?xlnsinz) (21n<r<n-+2an, n€Z); 


cosh (tan z) sin z 


(2+ tan, n€Z) : 


cos? x ~~ cosh? (cos z) ' 
(0) cothz (x>0), tanh z/ln 410; 4/cosh2z, —1/sinhz (x>9). 
11. (a) EP" pp’ (g2-+ py? & 0), (b) »’plng—g'yplny 


prp In? @ 
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VP+y 


(c) 2zf’ a) 1 (2-2) (c A), (d) f’ (f (a) f(z). 14. (a) No, 


we cannot, (uv)' |x—9=9, (b) yes, we can, (uv)’ |x—1=1/2, 
(c) yes, we can, (uv)’|~—1=cos1,(d) no, we cannot, (uv)’ |x—o=9 
(e) no, we cannot, (uv)’ |z-p9=9. 15. I. (a) Yes, it is, (b) no, 
it isn’t IJ. (a) No, it isn’t, (b) no, it isn't. 16. No, it isn’t. 
17. @ Consider (rz+27?+...+27)’. 18. (a) —wo<ct<o, 
f’ (a) =2t/4 [tax = 22, f(z) =a? (0 <2<oo), (b) 0<St<x/2, 


t' (x) = (sin? t)’/(cos? t)' _=—-1 (X<2z<1), f(x) = 
t=arccosV x 
t£0, ten/2 
,,... Dcost as 
t—2 O<z<1), (0) Ota, f' (= 7 sine |p carceos (e/a 
140, («AN 
oe OE ee eee ee (—a<z<a), 
a Wf —cos?t |cos t=x/a, a Wqt—xz 
t=O ten 


j (2) = V a&—z? (—a<z<a), a tangent: z=a, a normal: 


b cosh t ob x 
asinht jo<i<o +=S a V c?—a® 


y=0, (d)9<t<o, f' (z) = 


(x >a), I (2) = \x?—a? (x >a), a tangent: za, a normal: 
Je2t 
y=0, (f) —wo<ti<co, f’ (4) =— —22, f(xz)= 2 
et ji=Inx 
(09< xt< 00). 22. (a) lvj=V148, cos X =cos Y =1/V/ 18s 
cosZ 4/\/ 18, (b) v= V R?-F Rh, cos X= —R V R222, cosY =O, 
cos Z=h/V R2-Eh?, (c) |v|=V14, cosX¥=1//14, cosY= 
2/V 14, cosZ = 3/V 14, (d) lv | = 2.9, cos X = 4/29, 
cos Y=25/29, cosZ=10 Y2/29. 23. (a) Ay=Az-—+a (Az) Az, 


Ax 
e"—1—Az 
where @ w=} Az tor ee (b) Ay=a (Az) Az, 
0) for Azr=0, 
sin (%/2-+ Ax)—14 
where a (Az) -{ Az len SP ge (c) Ay=Az-+ 
0) for Ar=(), 
arctan Ar— Az 
a(Az) Az, where «a 0) } Az for Ag 4"), 
0 for Az=0. 


24. Ay= Az 4-2 (Ax)?-+ (Az)3, dy=Az, (a) Ay =0.010204, dy=0., 
(b) Ay=0.121, dy=0.1, (c) Ay=4, dy=1, (d) Ay=48, dy=3. 
20. As= DAt+ 2Az2, ds=5At, (a) As=().52, ds=(0.5, (b) As= 1.8, 


ds=1, (c) As=7, ds=5, 26. (a) = (x >0), (b) _= 


d d aie d 
r H 
(x oa 0), (c) Vrat ; (d) ea (x = Ste 1), (e) V a ae 
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(—a<z <a), (f) car 5, (g) (1+22) e®* dz, (h) x coszdz. 

27. (a) dy |xap = dz, dy |nai = dz, (b) dy lao = dz, 
4 

dy |omy =—s- dz, (c) dy |xao= de, dy |x=1= edz, (d) dy |x=o= 


> de, dy lxai=",  (@) dy lxao=0, dy Ine = — — de. 
5 Equalit b d (c). 30. — (1.8747,  (b) 9.5421 ead or 
a aa (c wees “(d) oda 0 ().83 rad. x 27°33". (f) 1.2. 
(a) 2.98, (b) 3.9964, ©) 2.0045. - (a) (422 —823)e"*", 

“B) piers qio sin ax, (c ) k eh, (d) 422f" (x?) + 823/” (x?), 
. eS" (ex) 4 028!" (ex), (f) v" (a) f (ep (z)) +39" (x) @” (x) f" (P(z))+ 

2 4-3-5...17 72 
3 (2) {"(p(z)),  (g) — Ter sage (cx >0), (hb) —> ea) (x # 1), 


(i) 220 (22 sin 22— 20x cos2x—95sin2z), (j) 5'4 (5231262) x 


Sin Sz — 3.513 (7522182) cos5z, —_(k) Sr (z = — 1), 
(I) ~~ +30! loa tear | (cf +1), (m) 5! (o2-+ 
(1) (2n—a) 1! (>) 
11) e5*, (ny) — mae (c>0). 33. (a) Ina 
(ax+b) “ 
(z+ b>0), (p) , ~a DP ad be) eO* ez + ad #0), 


(cz -+a)y™t 
(c) — 27-1 cos ( 22-+n— ), (d) 2" cos (22+ +) 


2 


(e) sin (2+-n5)—S sin (32+ ne | » (f) F008 (zn s)+ 


3 
F008 (3e-+n SZ) , (g)-—F (a—B) eos | (a ae n> |— 
1 
Aiectnat nehiaed's (h) > (a — 8)" 
cos | (a — B)ztn 2] ++ (a + By" cos (2-+8)2-+n-> |, 
(i) @n-1 | ax sin ( az-+n—> } + nsin ( az + (n — 1) +) | , 
(j) at-2 | a2? cos (ern) ++ 2naz cos (az+(n—1) +)+ 
n (n—1) cos (az + (n—2) +) | , (k) k"-%ek* [(ax? + bx +c) k? + 
(2ax--b) nk + n(n—1)a]; (I) (—4)" "ta" (n—1)! larRF 
: | (f= >] , (m) zcoshz-+nsinhz if n is edd; 


(az — b”) ax—b 


249 


xsinhaz-+-ncoshz if n is even, (n) 2x? sinh z+2nzx cosh z+ 
n(n—1)sinhz if n is odd, z* cosh z+ 2nz sinh r+ n(n —1) cosh x 
if n is even, (0) adgr!. 34. (a) f" (x) =2, f"%(x)=0, (b) f’ (x)= 


m@=9 (0) @)=— aaa. I @)=— ee 
@) "(= —ay ei (a=, 0) "= 


(x? — a2)3/2 ° (x? — a?)5/2 ° 


— ttm oy __ 08 (#/2) oe 
4a sin (t/2) _f () = Tee sin’ (1/3) where {= (p (x) is the 


inverse of the function =a (t—sin t) (t #4 2nn, n€Z), (f) {” (z)=2, 
"()=0. 8. (Wa, (wy =-FE ew 


f° (=) 
3 A = ? mw 


cosZ = i, (b) | vr’ (x) | = 4, cos X = 1, cos Y=cosZ=0N, 
(c) |r” (1) |=2 1/10, cosX=0, cosY=1/V10, cosZ =3/,/10, 
(d) | r” | (2.5) = Y 641/25, cos X= —4/1/ 641, cos ¥Y=25/V 641, 


— {5 4 5 
cosZ="f"), 37. (a) 6dz3, 0) ae (x > 1), (c) = ve 


(c>0), (d) (140 cos x—z sin z) dx’, 38. (a) coshxdz” if n 
is odd, sinh edz” if n is even, (b) a"™sinh(az)dz” if n is odd, 


a” cosh (az) dx” if n is even, (c) (—1)"-!2-(n—3) ! a (x >0, 
n23). 40. —p(zo)-n!. 


Chapter 5 
1, 272 —9234 925/5— 27/7. 2..4(22+7/(77z). 3. Inj x|— 
x—1 ss 2 1 \x 1 4 \x 
1/(4z4). 4. z+2\n = i: we ins (=) + eine (=) ‘“ 


G6. c—tanhz. 7. arcsinz+1n (2+ V1-—22). 8. rte et 
a 9. (—cosz-+sin z) sgn (cosz+sin xz). 10. (4/22) (2x—3))). 
14, —(2/5)V¥2—5z. 12. (4/)/6) arctan (x 1/372). 13. (4/3) x 


In| 2 /3+V 32 |. 14. — Foot (2e+Z). 15. tan(x/2). 


2 
16. tan ($-z). 17, (1/4) (1+23)4/3, 18. (4/4) arctan (22/2). 


19. 2arctan)/z. @ Use the fact that 7 = 2d (/z) 
Ir 


20. —arcsin (4/]2|). 21. 2sgnzIn(V[aj[+ /[1+2]), <(1+2)>0. 
22. —(1/2)e"*. 23. (4/3)In3z. 24. (41/6)sin"x. 25. (3/2) x 
’/T—sin ac. 26. —(1/V 2) In| VY 2cos 2+ |” cos ax |. 27. In] tan x 


00 


(z/2) |. 28. In | tanh (x/2) |. 29. 9.5 (arctan z)?. 30. Lr = : 


4 1— 
31, — 1-++-5522 


Spon — (f— 522). 82. — (1/15) (8-+422-+ 324) /{—zi, 
J3. (=-+ sin? ot asin z| V sin? z. 34, —2—2e-*/2+2 In (4+ 


e*/2). 35, ois e*), 36. (arctan / z)*. 37. 0.5[2 VW a?—22+ 
a arcsin (r/a)]. 38. —a /1—<x2/a?+aarcsin(z/a). 39. 05x 

Va? 22—@2 In (c+ '/a?+23)]. 40. / 22a? —2aln (‘7 z—a+ 
Va) ift>a, —Yz%—a?+2aln (VY —z+a+ 2 —a) if 
T<—a, AL. In|2t+ Peta]. 42. In] c+ “22a? |. 


43. x (Inz—1), 44, =a (intz— In r+) ~ 45, —0.5 (22+ 


zt cos 2r +5 sin 22, 47. xarcsinz-+ VY 1—2?. 


lye"**, 46, 


48, en | tei . 49. In tan (z/2)—eosz In tanz, 
x 


30. 0.5 [(1+-22) (Qarctan z)2— 22 arctan z+In (1-+22)]. 51. V1-+22 X 
In (z+ Vi+22)—2, 52. 0.5(¢ /eeattatln|z+Vz%ta? |). 


93.0.5 2 [sin (In xz)+cos(Inz)j. 54. Se etm, 


99. (1/8) e2* (2— sin 22 —cos Or). 56. In[z—2|4+]n[2+5|. 
o7. x + (4/6) In | z | ~ (6/2) In| z—2| eee |zx—3 |. 


B85 ieee 2 hs yen 
z?—Sa--37 * in 5 09. arene tg 5 In aaa 
a = cn pe cet) ee ee — 
* yg arctan (x—2). 61. Zln = oot Ea 
1 ae 2 *) 
62. | In cima _-+ arctan =. 63. “1, eteVOd4 
wae 2 4Y2 xt—xV2+1 
ae x V3 1, xttart { x2—4 
~ pe Aarct —_——_—_ > ———_—_—- = = eer 
275 ctan toa 64 Zn Batt aa arctan IVS 
65. co aes rene + ® arctan (x-++-41) — ee arctan (27-+-1). 
5 5 
tet 
7% A 92 
66. ee ae Ate V3te ee aan fe arctan x3, 
4V3 {—xrV3+2? | 2 6 
1] na Senne,» Ceo ee 
96 (aw — 1)98 97 (a —1)*? 98 (z —1)¥8 99 (x —1)99 e 
4 (x? +4)? 1 227 —4 
68. ane |, eee a ee eae x3 
5 In eae Br “fe 3 arctan 23 -+- 2\73 arctan ia 
69. tin SE ro. Sn He. J ae 
aa ep 7 "pa? Va V3" 


4 xi—z? Fi 23 
—_—— In ———_—_—_ > ° 
4V¥2 xitc?V2+4+4 


72. arctan a arctan 23, 


et 


os eye 3 em 
(4+ 7/2) (1—-Vz+29/2)3 3 yF oretan Va 
75, 0.5 (2%@—2 V 2-1 +1n | 2+ 32 4)]), 76. ey. +4 


2 : z—i1i- 
77. Vereti—— tp (4-424 Veter) : 


78. _yq| 2222 ETH 


- 79. R+In(z+14+R)—V 2X 
is ae 


, where —" ‘mE, 90. —— 


VTE arcsin c= 63 21 


; ve 6 *— Tg + aay 
Zz ee 
, — git +77) V1+2 555 In (x V1+2), 82. a Veti+t 
1+V 2?+4 2414 _ 
3 a | | . 8. = V 1. arcsin a — 
————__—_.. } 
ta, VERSE 1, sions 
(1—2z) V2 V6 V6—V24 222 
g. —2%__4_1_),|Vite+zV2 { 
ee In |- 86. Ox 
2Vit=2 472 |Vitw—szys 2 
arcsin —_7— 9 ___1) de+4—2Vat@—2—1 
lz—1|VY5 2 z-+1 
2 (rt —1) 3 4 4 
87. ————_. 8.  ———_— +} = eee eet 
3 VYxttrti 2 (2z-+-1) ++ 9 In 44 [3 ; where 
Z=2-+ V et, 89. In —* where z= 
1+ V1i—22+22 ai: 2(3— i) 4 V5+41-42: 
z o (1 —z—z?) yer V5—1—22 
= 1 . £V2 
where z=—z+)Vr(i+z). 91. — Ti arcsin 7-7. @ Set 
= 4 1 tV2+V zt+1 4 
t= anes . 92. — Va ln eae - @ Set =I >. 


93. (5/16) x — (1/4) sin 2x -+ (3/64) sin 4x + (1/48) sin? 22. 94. (4/16) z— 
(1/64) sin 4z-+ (1/48) sin? 2x. 95. ey cos’ z)—1/cosz. 96. (1/4) x 
tant z— (1/2) tan? a COS =z |. —2 V cot z+ (2/3) V tan? z. 
2 
98. 5 75 In See aa "aa in arctan hes , where z=tanz. 
99. (1/4) x-+ (1/8) sin 2z7-+ (1/16) sin 42 -+ (1/24) sin 6z. 100. — (3/16) x 
cos 2x + (3/64) cos 4z-+ (1/48) cos 62 — (3/128) cos 8x + (1/192) cos 122. 
oH 
3 tan mY +1 


4 
— arctan ———~——_- 
V5 V5 


104. 102. (a) 


2 
—_——- * 
Vi-# 
gue 


f—e L —= 
arctan (V/ Fai tan 5) » (b) Vea <= In SheosetyV Pt sing 


r| 1+ecosz : 
103. t——~<arctan (f/2tanz). 104. a In (Sif. zr cos z)? 
V2 1—sin zcoszx 
! arctan (Sat) 105. arcta ( tan 2 
— a § tess ee 7 m r D ane 2 
3 V 3sinz 9 een x] F 
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2. (a) Yes, it is, (b) no, it isn’t, (c) no, it isn’t, (d) no, it 
isn't, (e) yes, it is. 4 (a) No, it does not, (b) yes, it does. 
~ (a) inf f(z)=0 is not attained, sup f(z)=1=/ (1), 


(b) inf f(z) =0 = f (0), oun f (z) = 100 = f (40), 


(c) ey: f (z)=0, sup f(z) =n/2 are not attained, 
(-—co, -+-00) (—00, +00) = 
(4) inf f(r) = —1 =f (nm), sup f(t) = V2 =f (x/4), 


(d) 5 (€)=e-!%, 18. (a) It is uniformly continuous on (1, 2) but 
not uniformly continuous on (0, 1), (b) it is uniformly continuous 
on (0.01, 4) but not uniformly continuous on (0, 4), (c) it is 
uniformly continuous, (d) it is uniformly continuous, (e) it is 
uniformly continuous. 22. f(z)=arcsinz on (—414, 1). 23. The 
uniform continuity of f(z) on (ap b) implies that Cauchy’s condi- 
tion for the existence of a limit of a function is fulfilled at the 
points a@ and b. Therefore we can extend the definition of the 
function f(x) at the points a and bd so that it will become contin- 
uous on [a, b] and, hence, bounded on [a, b]. 27. It decreases on 
( —<, — 3) , Increases on (—s,. +co}, (b) it increases 
a 

,.--oo), (e) it increases on (—14, 4), decreases on 
(—oco, —1) and (1, -+oo), (d) it increases on (—oo, +00), (e) it 
Increases on (2nn—2x/3, 2mn-+2n/3), decreases on (21n + 27/3, 


4 
ain 41/3), n€Z, (f) it increases on (ss ' ss) n€Z, 


decreases on (—co, —2), (soa, gomqg) BE B® 


and (2, -oo), (g) it increases on (0, 2/In 2), decreases on (—©, 0) 
and (2/In 2, -++co), (h) it increases on (0, n), decreases on (7, -+ ©). 
29. Use the method employed in Example 3 in 6.3. 32. c=1/2 
or ) 2. 34. @ Use the method employed in Example 5 in 6.3. 
36. @ Use Theorem 6 and the result of Exercise 23. 37. No, it 


is not. 38. Consider the function g(x) =f (z)—f (a)— HO) TO) » 


(x—a). It is continuous on [a, b] and dilferentiable in (a, 2); 
with g(a)=g (b)=0. Since f(z) is not a linear function, it follows 
that g(x) =£0, and consequently, g’ (x) ==” in (a, b). Hence Jé¢1, 


203 


To Ex. 2 


1 


To Ex. 


Ex. 4 


To 


To Ex. 3 


To Ex. 6 


204 


255 


256 


(0,0), corner point corner points 
To Ex. if To Ex. 12 


To Ex, 16 


To Ex. 17 To Ex. 18 


To Ex. 19 To Ex. 20 


To Ex. 23 


297 


1701632 


26 


To Ex. 


To Ex, 25 


To Ex. 28 


To Ex, 27 


To Ex. 30 


To Ex. 29 


17* 


- 4,4), cuspidal point 


To Ex. 32 


209 


(O,0pisalated point (0,0) cuspidal point 


(0,0), setf-intersection point 


To Ex. 35 


(0,a),(-a, 0), (0,-a),(a,0), 
cuspiaad points 


To Ex. 36 To Ex. 37 
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To Ex. 38 To Ex. 39 


To Ex. 40 To Ex. 4l 


To Ex. 42 To Ex. 43 
264 


To Ex. 46 To Ex. 47 


Y 
le 
6 
0 x 
To Ex. 49 


262 


To Ex. 50 


ce€(a, b) such that g’ (cy) > but g’ (cz) <0 (explain why), whence 
f’ ( f(b)—f (a) t {(b)—f (a) : 
ar en aa , but f° (cs) So ees This means that 


b 
at one of the points c; we have | f’ (e;) | >| ate 


| f(b) —f (a) |<] f' (ex) |-| b—a@|. 40. @ Use the result of Exercise 
39. 41. 0. 42, 0. 43, a/B. 44. —2. 45. 1. 46. 1/2. 47. —1/3. 48. 1. 
49. 0. 50. 4. 51. 1/6. 52. 0. 53. a@(Ina—1). 54. e7/", 55. 4/e. 
56. 1. 57. e-3/5, 58. e-1/3, 59. 1/2. GO. 41/2. 61. 0. 62. —e/2. 


2 3 cide 
63. a2. 64. 1. 65. (a) ei 


, 1e. 


(5) {+2c--at— FoF rise at-+0 (24), (c) z—= +0 (28), 
eee: a ae 

(d) 1 +3 2t-o (24), (e) ——-— Ten Bags 1° (" 

x7 713 z n— 41) x? : 

(f) t— Fe — ser +0 (x19), (g) 0+ ar — eg + (x?), 

(h) 1—Fa+t +z ato (x3). 66. (a) 4+2(x—1)+(zx--1)?, 


(b) 1+ (2—4)—4 (e424 (219-40 (2-1), (€) 1 “ZX 


0 m4 
(t—1)? + = (x—1)§+4+0 ((x—4)4). 67. Smaller than 1/3840, 
(b) smaller than 210-8, (c) smaller than 1/16. 68. (a) 2.080, 
(b) 3.080900, (c) 0.3090, (d) 0.91745241, (e) 0.095, (f) 1.22140, 
(g) 0.99452. 69. (a) —41/12, (b) —2, (c) 1, (d) —4/4, (e) 1/2, 
(1) 0, (g) 1/3, (h) 19/99. 
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On the graphs of the functions the bending points are denoted 
by circles (QO) and the points of inflection by crosses (x or ++): 
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Chapter 8 


1. (a) s= >| mjAz;= >) (2+) = s= > M ,Az;= 


ixt1 i=1 i=1 


n 
py (2++)°-, (b) oe 2(i-1)/% —— so , S= > 21m 


i=1 i=1 
4 3 +1__9m+1 
2. (a) 3, Ob) gs) ay 
point z=0 is the limit of the points of discontinuity. 6. (a) Yes, 
it is, (b) no, it is not, (c) no, it is not, (d) yes, it is, with due 
regard for the remark in item 4 of 8.4, (e) yes, it is, (fy no, it is 
not. 7. No, yes, no, yes. 9. (a) Yes, (b) no, 10. (a) 2/T, ‘0, 0, 
(2/m) cos, (b) —4, —1/3, 1/2, 0, 41. 41. 2/3, (41/45) 109/2, 
(4/150) 4003/2, (b) 40, (c) (1/2) cos@. 12. Vaver=(¥g+01)/2, where 
v;=2gh is the final velocity of the body. 13. i2/2, is/2— (ig/2) x 
(4/to) (T/4n) [sin (4nto/T + 2q)—sin 29], i2/2. 14. (a) 0, (b) sin (0%), 
(c) —sin (a2), (d) 22 Vi+<24, (e) 2c Yi+z!, (f) 322/ / 1-25 — 
221 Vf i+z4, (g) 322/128 —22/ Via, (h) 322//1-— 28, 
x8 
(i) 342/f 1+2, (j) 0, () — \ az (x2-b 44)-3/2 dx + 3z2/]/z2-- 713, 
tt 
15. (a) 1, (b) 4, (c) m(2sina). 16. (a) mj/2, (b) 2/3. 17. 5/6. 
18. (a) 0.5 In (e/2), (b) 4, (c) 4. 19. (a) 4/6, (b) (4/ 4 2) In [(9+ 
4 ¥2)/7], (e) 2—n/2, (a) n2/4. 20. No, we cannot. (a) Yes, 
we ean, 5/4, (b) yes, we can, 7/4, (c) no, we eat in this 
interval the hypothesis of Theorem 4 is violated: 0<sin t<1. 
24. (a) 0.5In3—n/2 V3, (b) (5/27) e3—2/27, (c) 4n/3— 13 3, 
(d) w/Y3—1/272), (ce) 41/6, (f) 73/6—n/4. 
27. (a) STE ea , (b) 0 if nm is an even number, x if 
n is an odd number, (c) 1/2", (d) (x/2™) sin (mn/2). 28. (a) (8/27) x 
(149 V40—4), (b) (e?+4)/4, (c) Intan(m/4+a/2), (d) 4a [4-+ 
V 3in (14+ ¥3)/ 73) (e) 6a, (f) 14+[In (1+ 72))/V2, (g) 32e, 
(h) ma 1-4? 4 (a/2) In (2n+ VY 1+4n2), (i) 8a, (j) 3na/2 
(k) 19/3. 30. (a) (@b/2) [arcsin (x,/a) —arcsin (z9/a}] “Tbe 9 
(xy Va®— 2} —2 VY a?—2?), (b) 9/2, (c) 1/3-+2/m, (a) 4a3/3, 
(a) 0.5 coth (12). 31. (a) (a3/3) (4n3-+-32), (b) Gra®. 32. (a) 3na2/2, 
Ra oe in, (d) 2/3. 33. (a) 3a2/2, (b) a2. 34. (ah/6) [(2A -+- 
a) B+-(A-+2a) dj. ‘36. (a) 2abe/3, (b) 4mabe/3, (c) 8xabe/3, (d) 1603/3, 
(e) 2na%/3— 8a3/9. 37. (a) 3nab?/7, (b) 162/15, (c) 81/3, (d) 2°/2, 
(e) 22, (f) 52208, (g) 6r3a3. 38. 2a2, ma3/2. 39. (p?2/8) [7 2+5 In (1 -+ 
V2)]. 40. bh2/6, bh3/12. 44. My = nab8/4, M,=103b/4. 42, 3RM/16- 
45. 4n?. 46. zp==(asina)/a, yo=0. 47. y= 9a/20, yo=9a/20- 
48. tp=0, yo=0, rg=3a/8. 49. Po=O, ro=5a/6. 
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4. @ Use the fact that the 


Chapter 9 


1. (a) It is sufficient to put every number nr from the first set 
into correspondence with the number 2n from the second set, 
(b) the function y = (b — a) z+ a realizes a one-to-one corre- 
spondence between the elements of the closed intervals [0, 1] and 
[a, b], (c) the function y = tan a realizes a one-to- 

—<f 
one correspondence between the elements of the open interval 
(a, b) and the number line R. 2. (b) The following scheme can 
be used to enumerate the elements of the union of the countable 
number of countable sets {x;}, {y;}, {22}, {uz}, (id, - - -r {We}, -o0t 


Xe X2 X3 — eX Xs —we eae 


i Y2 ' 
14 4 A OS, oie 
ead ae u cee 
[7 ey 


4. @ (a) Use the method employed in Example 2 in 9.1, (b) use 
the equality 4 = (A\.B) + AB (see Exercise 5) and the result 
of Exercise 4 (a), (c) use the result of Exercise 4 (b). 5. (a) Prove 
that (1°) any element x of the set (A + B) C also belongs to the 
set (AC + BC), (2°) conversely: any element z of the set (AC + 
BC) also belongs to the set (A + B) C. 1°. lf 2 €(A + B)C, 
then x € (A + B) and z € C. Since z € (A + B), then x belongs 
to at least one of the sets A and B. Let, for instance, z € A. Then 
zt € AC and, consequently, z € (AC + BC). 2°. lf z € (AC + BC), 
then x belongs to at least one of the sets AC or BC. Let, for instance, 
zx€ AC. Then 2€A and x€C. This means that z € (A + 8B) 
and z € (A -+ B)C. 6. We shall prove that any element z of the 


set UAn also belongs to the set NAn- lfx € UA, then z UAn 

and, consequently, x ¢ A, Wk. Therefore x € Ap Wk, and, hence, 

x € (\A,. It remains to prove that any element z of the set n A, 
h 


also belongs to the set (J) A}. Do it yourself. 7. If we assume that 
h 


some point z € G is not an interior point of G, then «x will be a li- 
mit point of & (explain why) and, consequently, x € E. But this 
is impossible since GE =@. Thus any point z € G is an interior 


point of G, i.e. G is an open set. 8. @ Use the fact thatQ +0 = 
[a, 6] and »Q = 0 (see Example 4 in 9.4); hence n0 = b — ag, 
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9 and 10. @ Use the definition of a countable set. 12. @ (a) Use 
the method employed in Example 1 in 9.2, (b) use the result of 
(c) in Example 5 in 9.1, (c) use the result of (ec) in Example 5 in 
9.1. 13. @ Consider the function y (x) = zx on the closed interval 
[O, 1] and use properties 5° and 1° of measurable functions. 15. The 
Lebesgue integrability follows from the measurability of f (z) 
(see Exercise 12a). To prove that f (x) is Riemann integrable on 
[O, 1], it is sufficient to prove that the lower and upper Darboux 


integrals are not equal, i.e. J “J. Consider the arbitrary parti- 


tioning of [0, 1] into subintervals and show that s = 0 and 
S > 1—a for it (s and S are Darboux sums). It follows that 


{=0,J>1—a>0. 16. | f (x) dp (z) = 1 — a. 17. \9 @x 
[0,1] D 
du (xz) = (4 — a)/2. 19. @ Compose a difference f (z) — g (x) and 
use the result of Exercise 18 for it. 20. @ Use the fact that the 
set of all lower (upper) Darboux integral sums resulting from parti- 
tioning [a, 6] into a final number of subintervals is included into 
the set of all lower (upper) integral sums resulting from partition- 
ing {a, b] into a final number of pairwise nonintersecting measu- 
rable sets. 21. Use the fact that for the Lebesgue partition 7 of 
the set Z& there holds an inequality S, — sp <6-y£, where 
5 = max (yp, — yp-1) and also the fact that 7 — J < Sp — sy. 
{1<kh<n a 
22. @ To prove the necessity, use the fact that for the Lebesgue 
partition 7 of the sct Z there holds an inequality Sp —sp < 
5-pL, where 6= max (y,;, yp-1). To prove the sufficiency, 
_i <kh<n 

use the inequality J/—I< Sy, — sp. 23. @ Use the fact that 
any Lebesgue integral sum / (£,, &,) of the Lebesgue partition 
7 = {LE} of the set £ satisfies the inequalities sp < J (£,, &) < 
S, and also the fact that Sp —sp <O-uk. 


Additivity of an integral 190, 
a 


Antiderivative 112, 196 
Argument of a function 953 
Asymptotic formulas 73, 76 


Basic elementary functions 64 
Bernoulli’s inequality 22 
Binomial theorem 41 
Bounded function 136 
from above 136 
from below 136 
Sequence 25 
Set 14 
from above 14 
from below 14 


Cauchy ae Ue for conver- 
gence olf a sequence of 
Closed interval 12 : 
set 227 
Complement of a set 228 
Omposite function 64 
Continuity of a function 64 
on the left 63 
on the right 63 
at a point 63 
Convergent sequence 25 
_ Series 227 
Convexity of the graph down- 
wards 165 
upwards 165 
Coordinate line 42 
Corner point 168 
Countable additivity of the 
Lebesgue measure 228 


sect 226 


Index 


Cubable solid 219 
Cuspidal point (cusp) 178 


Darboux lemma 183 
lower integral 183 
sum 182 
upper integral 183 
Decrease of a function on an 
interva! 147 
at a point 147 
Decreasing sequence 45 
Definite integral 181, 189 
Derivative 89 
left-hand 87 
right-hand 87 
of order n 106 
of a vector function 89 
Defference of sets 227 
Differentiable function 100 
Differential of a function 4101 
of order n 106 
of an independent variable 101 
Differentiation 85 
Differentiation rules 88 
Divergent sequence 25 
Divided difference 895 
Domain of definition of a func- 
tion 53 


Element of a sequence 24 
Elementary function 64 
Elliptic integral 212 
e-ncighbourhood 12 
quality of real numbers 141 
Equivalent functions 235 
intinitesimals 69 
sets 226 
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Euler’s substitutions 129 
Even function 163 
Existential quantifier 14 
Explicit function 163 
Extremum of a function 164 


First mean value theorem 148 
Formula of Cauchy 149 
for a change of variable 117 
for integration by parts 124 
of Lagrange 148 
of Leibniz 105 
of Maclaurin 159 
of Newton-Leibniz 197 
of Taylor 158 
Formulas for calculating the 
length of a plane curve 
210 
the mass of a plane curve 
224 


the moments and cvordi- 
nates 222 
the centre of gravity of a 
plane curve 222 
of the volume of a solid 218 
of mean value 190 
Function 53 
argument of 53 
basic elementary 64 
bounded 136 
composite 64 
continuity of 63 
decrease of 147 
derivative of 85 
differentiable 100 
differential of 1014 
domain of definition of 53 
elementary 64 
even 163 
explicit 163 
greatest lower bound of 137 
increase of 447-148 
increment of 85 
infinitesimal 69 
least upper bound of 137 
Lebesgue integrable 238 
limit of 53 
mean value of 191 
measurable on a set 235 
odd 164 
oscillation of 137 
parametric representation of 
89 
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particular value of 53 
periodic 164 

piecewise continuous 183 
range of 53 

Riemann integrable 182 
set of values 53 

uniform continuity of 134 


General form of a remainder 
158 


Geometric meaning of a deriva- 
tive 86 
ef a differential 104 
of Rolle’s theorems 148 
of uniform continuity of a 
function 143 
Greatest lower bound of a func- 
tion 137 
of a set 15 


Half-open (half-closed) inter- 
val 12 
Hodograph 90 
Hyperbolic cosine 64 
cotangent 64 
sine 64 


tangent 64 


Increase of a function on an 
interval 147 
at a point 147 
Increasing sequence 45 
Increment of a function 85 
Indefinite integral 112 
Independent variable 53 
Indeterminate forms 35, 78 
Infinite derivative 87 
Infinitely differentiablo func- 
tion 105 
large sequence 314 
small sequence 31 
Infinitesimal function at & 
point 69 
sequence 31 
Infinitesimals of the same order 


Integral sum 181 
Integration of irrational func 
tions 129 


Integration 
of rational functions 125 
of trigonometric functions 134 
Interior point of a set 227 
Intersection of sets 226 
Invariance of the form of the 
first differential 102 


Least upper bound of a func- 
tion 137 
of a set 15 
Lebesgue integral 238 
with variable upper limit 
143 
Lebesque integrable function 
238 


Integral sum 239 
lower integral 238 
lower sum 238 
measurable set 228 
partition 239 
upper integral 238 
upper sum 238 

Left- and derivative 87 
limit 54 

Length of a curve 210 

Limit gf a function at a point 
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of sequences 25 
of vector functions 89 
Limit inferior (superior) of a 
_. sequence 47 
Limit point of a sequence 47 
_ Of a set 53 
Linearity of an integral 189, 239 
Local extremum 164 
maximum 164 
minimum 164 
Lower bound of a function 136 
of a number set 14 
Lebesgue sum 239 


Maximum value of a function 0B 
a set 137 
Mean value formula 190 
Method of cancelling 127 
of a change of variable 117- 
118, 197 


of induction 22 
of oe by parts 121, 


of ane venues coefficients 
Minimum value of a function 
on a set 137 
Monotonic sequence 45 


Neighbourhood 12 
Nondecreasing sequence 495 
Nonincreasing sequence 40 


‘Normal 91 


Number e 64 

Number line 12 
sequence 
series 227 


“o small” 69 
Oblique asymptote 163 
Odd function 164 
One-to-one correspondence 226 
Open interval 12 
set 227 
Oscillation of a function 137 


Outer measure 228 


Parameter 89 
Parametric representation of a 
function 89 
Partial fractions 125 
sum of a series 227 
Particular value of a function 


Partition of a set 238 

Period of a function 164 

Periodic function 164 

Physical meaining of a deriva- 
ti 


ve 
of a differential 104 
of Lagrange’s theorem 148 
of Rolle’s theorem 148 
of a vector function and 
its derivative 89-90 
Piecewise continuous function 
183 


Plane figure 213 
area of (in the sense of 


Jordan) 213 
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Point of discontinuity 64 
of the first kind 65 
of the second kind 65 
of inflection 165 
of the number line 12 
of a possible extremum 164 
of removable discontinuity 64 
Product of real numbers 19 


Quadrable plane figure 213 


Range of a function 53 
Rectifiable curve 210 
Remainder of an asymptotic 
formula 73 
of Taylor formula in Cau- 
chy’s form 159 
in Lagrange’s form 159 
in Peano’s form 158 
Remarkable limits 61, 64 
Riemann integrable function 


Right-hand derivative 87 
limit 54 
Rule of comparison of real 
numbers 14 
of constructing a negation 15 
of L’Hospital 154-155 
Rules of differentiation 88 


Scheme of constructing a curve 
represented parametri- 
cally 173-175 
the graph of a function 


bounded 25 
convergent 25 
decreasing 45 
divergent 25 
element of 24 
increasing 45 
infinitely large 31 
infinitesimal 34 
limit of 25 
limit point of 47 
monotonic 49 
strictly monotonic 45 
term of 24 
unbounded 25 


270 BeatriceGloria_personal library 


Set 14 
bounded 14 
closed 227 
complement of 228 
countable 226 
greastest lower bound of 15 
least upper bound of 19 
Lebesgue measurable 168 
limit point of 39 
lower bound of 14 
open 227 
of the power of continuum 226 
upper bound of 14 
Sets of the same power 226 
Simple closed curve 209 
open curve 209 
Solid 248 
Strictly monotonic sequence 45 
Subsequence 47 
Sum of real numbers 18 
of series 227 
of sets 226 


Table of derivatives of basic 
elementary functions 86 
of fundamental indefinite 
integrals 114-1415 
Tangent 87 
Taylor’s polynomial 158 
Term of a sequence 24 
of a series 227 
eon of Bolzano-Weicrstrass 
of Cantor 143 
of Cauchy 149 
on the constancy of sign of 
a continuous function 136 
on continuity of a composite 
function 64 
on the convergence of a mo- 
notonic bounded se- 
quence 45 
on the decomposition of a 
rational fraction into the 
sum of partial fractions 
125 
on the derivative of a compo- 
site function 88 
of an inverse function 85 
on the existence of the least 
upper bound and_ the 
ereatest lower bound of a 
set 40 


Theorem 
of Lagrange 148 
on local boundedness of a 
function continuous at a 
—pomt 136 
of Lusin 236 
of hKolle 148 
on ine structure of open sets 
227 
on three sequences 36 
of Weierstrass. the first 136 
the second 137 
Theorems on antiderivatives 
112, 417, 121, 196-197 
on eae functions 64, 


on derivatives 88, 89 

on differentiable functions 
101, 147-148 

on the direction of convexity 
at the point of inflection 
of the graph of; a func- 
tion 165 

on the extremum ofa func- 
tion 164 

on Lebesgue integrable func- 
tions 238-239 


on limits of functions 55 
of sequences 25, 36, 47, 51 
on measurable functions 235 
on Riemann integrable func- 
tion 183-184, 190 


Unbounded sequence 25 
Uniform continuity of a func- 
tion on a set 142 

Union of sets 226 
Universal quantifier 14 
Upper bound cf a function 136 
of a number set 14 
integral of Darboux 183 
of Lebesgue 238 
Lebesgue sum 238 
limit of a sequence 47 


Variable arc 210 

Vector of a normal 91 

Vector function 89 

Vertical asymptote 163 

Volume of a solid (in the 
sense of Jordan) 218 
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